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ABSTRACT
This thesis is concerned with the d e v e l opment and validation 
of i n t e r a c t i v e  c o m p u t e r  s o f t w a r e  that a ids the design 
procedures for cam mechanism design,thereby facilitating the 
o p t i m i s e d  d e s i g n  of the mechanism. A t t e n t i o n  is fo c u s s e d  on 
the disc c a m - 1 r a n s 1 a t i n g  r o l l e r  f o l l o w e r  m e c h a n i s m  with 
respect to w h i c h  a s e r i e s  of a n a l y t i c a l  p r o g r a m s  h a v e  been 
d e v e l o p e d  w h i c h  a d d r e s s e s  the d e s i g n  of t he c o m p l e t e  
mechanism. This broad view of the mechanism design as opposed 
to concentrating on specific features thereof,as has hitherto 
been the case,has been a major objective of the work reported 
in this thesis.
Each analytical program shows the means adopted to satisfy 
the limiting conditions imposed by kinematic constraints and 
strength limitations encountered in cam design.
The s o f t w a r e  e n a b l e s  the e s t a b l i s h m e n t  of the d e sign 
s p e c i f i c a t i o n  for the m a n u f a c t u r e  of the cam i t s e l f  a l o n g  
with as much data on the other f e a t u r e s  of the m e c h a n i s m  
(i.e.the s p r i n g ,f o 1 l o w e r , and roller on follower) as project 
time could permit.
A t y p i c a l  run of the s o f t w a r e  is shown, w i t h  the r e s u l t s  
p r e s e n t e d  in g r a p h i c a l  as w e l l  as t a b u l a r  format, This 
i n c l u d e s  a g r a p h i c a l  l a yout of the cam p r o f i l e , t h e  r o l l e r  
profile on the cam,and the roller and cutter paths around the 
c a m  p r o f i l e .  T h e s e  r e s u l t s  h a v e  b e e n  c h e c k e d  a g a i n s t  
independent work with good correlation.
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Notation and Units
In the f o l l o w i n g  no t a t i o n , b a s e d to a l a r g e  e x t e n t  on the 
ESD U  one ( [ 9 1, C 1 0 ] , C 1 1 ] , [ 1 2 ] , [ 1 3 ], [ 1 4 ] , [ 4 5 ] ), uni t s are given 
f o r  the I n t e r n a t i o n a l  S y s t e m  of U n i t s  (SI). P o s i t i v e  
measurement of angles is in the anti-clockwise sense,and the 
cam is r e g a r d e d  as r o t a t i n g  in an a n t i - c l o c k w i s e  direction. 
W h e r e  the e x p r e s s i o n  ’’cam size" is used in t h i s  n o t a t i o n , i t  
s h o u l d  be u n d e r s t o o d  to mea n  "prime c i r c l e  r a d i u s "  and vice 
versa. Follower displacement,velocity and acceleration are 
p o s i t i v e  when m o v i n g  o u t w a r d s ,away from the cam centre of 
rotation.
Notation Notation in Meaning . Units
in text programs
A Calculation p a r a m e t e r ,given by
(180H/(PI*£)) m/rad
a Linear acceleration of following
system
C Dynamic load capacity of roller
bearing N
d Diameter of follower stem m
d (E/H) Increment of tentative
dimensionless offset
Increment of normalised cam
rotation
(E/H)
(E/H)
s c
cm
*■ r
g
hi
h2
H
Offset of follower line of motion 
from cam centre of rotation, 
positive to the right of the cam 
centre m
Negative dimensionless follower 
offset
Positive dimensionless follower 
offset -
Follower guide frictional 
resistance N
External load on follower N
Inertia force of following system
N
Spring force N
Spring force .at critical design 
point N
= L - F f
= Resultant follower load less 
guide friction N
Cara/follower contact force N
Maximum cam/follower contact 
force in entire cam motion 
Spring preload
Acceleration due to gravity 
Follower bearing length 
Follower overhang m
Total follower rise (positive) or
N
N
N
m/ s' 
m
fall ( negative),associated with 
one motion segment m
Spring stiffness N/m
Cam/follower contact width m
= + W 0q + F^ + FQ + F s
= Resultant follower load in
direction of follower motion N
Nominal life of roller bearing 
in millions of revolutions 
Equivalent mass of following 
system Kg
Period ratio (the ratio of the 
period of the motion segment to 
the period of fundamental 
vibration of the following system 
C 7 3)
Forces normal to follower stem N 
Mathematical co n s t a n t ,given by 
(4«tan“ 1 (1))
Follower side thrust N
Dynamic equivalent radial load 
for radial roller bearing N
Distance from cam centre to 
follower roller centre m
Prime circle radius of cam,given 
b y ( R r + R b ) m
Base circle radius m
R r
Rg
U
Um
V
Vo
Vcmin
Vcmax
V cm
Wra 
W ’ 
W m 
W max
W • *nun
W ’ ’n max
eq
Xm, Ym
Follower roller radius m
Cutter radius m
Normalised cam rotation,0 <= U <= 1 
U at actual maximum pressure angle 
Follower velocity m/sec
Converted follower velocity,
(V/w) ra
Minimum value of Vc m
Maximum value of Vc m
Value of Vc at maximum pressure 
angle m
N o r m a l i s e d  f o l l o w e r  d i s p l a c e m e n t  
(0 < = W < = 1 )
W at Um -
Dimensionless' follower velocity - 
W ’ at Um
Maximum WPRIME for a given cam 
law
Minimum WPRIME for a given cam 
law
D i m e n s i o n l e s s  f o l l o w e r
acceleration
Maximum W ’ 1
Follower equivalent weight N
Compression spring weight N
Follower weight N
Spring deflection m
Axis fixed in machine
Xc,Yc Axis fixed in,& rotating with,cam
The f o l l o w i n g  two parameters carry subscript p (for the cam 
profile),q (for the cutter center),and no subscript (for the 
roller centre or pitch curve), 
x x co-ordinate measured along the
Xc-axis m
y y co-ordinate measured along the
Yc-axis m
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roller centre,given by (ym o +WH) m 
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segment,given by (r2 -E2 )1^2 Or,for 
chapters 2 &'4,by (Ra2 -E 2 ) ^ 2 m
y Follower displacement from
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at Pressure angle (-90 < = a < = 90) deg
fiCraax Maximum pressure angle in any
motion segment deg
fltv Actual maximum pressure angle in
the rise motion segment deg
9tpr Actual • maximum positive pressure
angle in the rise motion deg
etnr Actual maximum negative pressure
angle in the rise motion deg
Actual maximum pressure angle in
both the rise and return deg
Limiting pressure angle for the
rise motion deg
Limiting pressure angle for both
the rise & return motions deg
Follower guide friction 
coefficient
Pitch curve radius of curvature m 
Cam profile radius of curvature m 
Cam angle of rotation for one 
m o t i o n  s e g m e n t  (segment angle) deg 
Segment angle for segment i deg
Cam angle of rotation measured 
from Xm-axis to Xc-xais 
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Value of o at start of a motion 
segment deg
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Constant angular velocity of cam
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Natural circular frequency of 
vibration of following system
rad/sec
ALFA Pressure angle at MNLOAD deg
AREA = pr N
CDOSET Selected dimensionless offset for
CDPCRD
C0UNT2 
CAMANG 
CAMNUM 
CAMLAW 
CUTRAD 
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DOFSET (N)
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DYLOAD
EONE
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of curvature evaluation subroutine 
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Young's modulus for cam
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Young's modulus for roller
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External load on follower in the 
M1th segment = F e N
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FI
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HERTZ
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INPUT(K) 
INPUTM 
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KS
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LIFE
MOFSET(N)
M
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Inertia force of following system 
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Normalised cam rotation counter 
(varies from 1 upwards as U varies 
from 0 to 1 in every segment) - -
Cam material constant,given by 
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dimensionless cam size 
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Dimensionless motion functions 
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entire cam motion N
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follower line of motion N
Maximum cam/follower contact force 
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Counter in tentative & actual 
dimensionless offset evaluation;
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circle radius evaluation 
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NUMB
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segment (NUMSEG is a value of M 1 )
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segment (NUMLOA is a value of M 1 )
MINRHO occurs in the NUMBERth 
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RHOMIN occurs in the NEWNUMth 
segment (NEWNUM is a value of M1) 
P o i s s o n 1s ratio for cam material - 
P o i s s o n ’s ratio for roller 
material
= w  r a d / s e c
C0UNT2nd actual dimensionless 
offset corresponding to the Mth 
tentative dimensionless cam size 
C0UNT2nd actual dimensionless cam 
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Dimensionless pitch curve radius 
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SEGANG(MJ ) 
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STROKE 
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cam rotation in the M1th motion 
segment
Minimum dimensionless concave 
pitch curve radius of curvature - 
Dimensionless pitch curve radius 
of curvature at MNLOAD 
Lower bound for roll e r  radius, 
based on HERTZ m
Upper bound for roller radius, 
based on HERTZ m
= R r m
Cam rotation (see OMEGA) rpm
Actual dimensionless cam size 
evaluation function 
Segment angle' for segment M1 
= <6^  deg
Type of segment M1 , i . e .Rise/Return 
/Dwell
MNLOAD occurs in the SEGNUMth 
segment (SEGNUM is a value of M1 ) 
Spring force at the Kth normalised 
cam rotation in the M1th segment
= F s N
= H m
Tangent of pressure angle at the 
Kth normalised cam rotation 
Tangent of pressure angle at the
TANDIF
Kth normalised cam rotation in 
the M1th segment -
Difference of absolute values of 
the (K-1)th & Kth tangents of 
pressure angle
Pressure angle evaluation function 
= P N
Cam 1 aw se 1 ec t ion 8c v e r i f i c a t i o n  
subroutine
TF0RCE(K,M1) = IFORCE(K ,M1)+WEIGHT(Ml ) +
FRICTN(M1)+EXTL0A(M1 ) N
= T F 0 R C E ( K , M 1 )+ S F O R C E (K ,M 1 ) N
Cam/follower contact force at the 
Kth normalised cam rotation in the
TANAFA 
THRUST 
T Y P L A W
T F L O A D (K ,M 1) 
T N L O A D (K ,M 1)
M1th segment = F N
U
UATMAX
UM
W
W E I G H T ( M 1)
WIDTH 
WPRIME 
WPRIMEmax 
WDPRIM
= U
Normalised cam rotation at MNLOAD 
= Um 
= W
Follower equivalent weight in the
M1th segment = w 
= 1 
= W f
= wm a x ’
= W» 1
eq N
Th e  f o l l o w i n g  two p a r a m e t e r s  c a r r y  s u f f i x  P (for c a m  
p r o f i l e ) , Q  (for cutter c e n t r e),and no s u f f i x  (for r o l l e r
c e n t r e  or p i tch cur v e ), i.e.XP( K, M 1 ), etc.
X ( K , M 1 )  x c o - o r d i n a t e  at the K t h
normalised cam rotation in the 
M1th s e g m e n t ,measured along the 
Xc-axis m
Y(K,M1) y co-ordinate at the Kth
normalised cam rotation in the 
M1th s e g m e n t ,measured along the 
Yc-axis m
YDOT
YDDOT
YM
YMO
YM-YMO
Linear velocity of following 
system
= a
m/s
m/ s’
m
= x
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CHAPTER 1
INTRODUCTION
1.1 OVERVIEW OF CAM DESIGN SOFTWARE
The a u t h o r  has sought to d e v e l o p  and v a l i d a t e  i n t e r a c t i v e  
c o m p u t e r  sof t w a r e  that aids the d e s i g n  p r o c e d u r e s  for cam 
mechanism design,thereby facilitating the optimised design of 
the mec h a n i s m .  The disc c a m - t r a n s l a t i n g  r o l l e r  f o l l o w e r  
m e c h a n i s m  used in this w o r k  (see Fig. 1 .1 ,page 1-16),w i d e l y  
a p p l i e d  in i n d u s t r y , e x h i b i t s  a c o n f i g u r a t i o n  the d e s i g n  of 
which takes into account a l l  the necessary design constraints 
i n v o l v e d  in cam mechanism design.
The w o r k  has aimed to e n a b l e  g r a p h i c a l  as w e l l  as t a b u l a r  
p r e s e n t a t i o n  of r e s u l t s  fro m  the d e s i g n  process. T h e s e  
r e s u l t s  i n c l u d e  the d e s i g n  s p e c i f i c a t i o n  n e c e s s a r y  for the 
m a n u f a c t u r e  of the cam i t s e l f ,  a l o n g  wit h  as muc h  data on the 
other features of the mechanism (i.e.the s p r i n g , f o l l o w e r ,and 
r o l l e r  on follower) as d e v e l o p m e n t  time could permit. This is 
in keeping with the aim of providing software that addresses 
the d e s i g n  of the c o m p l e t e  m e c h a n i s m  r a t h e r  than s p e c i f i c  
features thereof,as has hitherto been the case.
This broader view of the mechanism design necessitated the 
u se of a r a t i o n a l  d e s i g n  s t r a t e g y .  For such a s t r a t e g y , t h e
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author relied almost e x c l u s i v e l y  on Druce [6],whose "design 
f l o w  chart" p r o v i d e s  a r e a l i s t i c  and s e n s i b l e  g u i d e  to the 
design and subsequent manufacture of the mechanism.
1.2 STATE OF THE ART IN DISC CAM DESIGN
B e f o r e  the late 1950s cam d e s i g n  was a p p r o a c h e d  e n t i r e l y  
from a g r a p h i c a l  s t a n d p o i n t .  In those e a r l y  y e a r s , e m p h a s i s  
was p l a c e d  e x c l u s i v e l y  on the k i n e m a t i c s  of cams. It was 
e n o u g h  to know the t i m i n g  c h a r a c t e r i s t i c s  of the cam 
m e c h a n i s m .  This p r o v i d e d  i n f o r m a t i o n  on the a n g l e s  th r o u g h  
which the cam had to rotate to:
* p r o d u c e  a g i v e n  rise of the f o l l o w e r ;
* maintain that f o l l o w e r  at the height reached for a certain ' 
time;
* a l l o w  it to fall back to its initial position;
* and finally maintain it at its initial position for some 
time before going through the cycle again.
Using this data,the designer then applied the principle of 
k i n e m a t i c  i n v e r s i o n  to produce a graphical layout of the cam 
p r o f i l e .  Without g o i n g  into a d e t a i l e d  e x p l a n a t i o n  of 
k i n e m a t i c  i n v e r s i o n  (which can be found in b o o k s  on m a c h i n e  
kinematics) it will simply be said that when this principle 
is applied to the disc cam mechanism,the otherwise rotating 
cam is considered fixed. The follower is then located in its
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appropriate position relative to the cam,corresponding to a 
n u m b e r  of d i f f e r e n t  cam r o t a t i o n  a n g l e s .  As the f o l l o w e r  is 
moved around the cam,the cam profile becomes the envelope of 
the follower profiles.
It is to be n o t e d  that k i n e m a t i c  i n v e r s i o n  does not a f f e c t
the relative motion between the cam and follower.
Kepler [24] and Chen [4] provide construction procedures for
producing the cam profile.
C l e a r l y , t h i s  v e r y  e r r o r - p r o n e  a p p r o a c h  to the design of a 
mechanical component whose operation is based on scientific 
principles had to give way to a more precise approach.
In the last two decades,a flurry of activity has been going 
on in the f i e l d  of cam desi g n  w i t h  a d i s t i n c t l y  d y n a m i c  
a p p r o a c h .  T h e  r e a s o n  for t h i s  l i e s  in t he f a c t  t h a t  
efficiency of production machines and machine tools demands 
i n c r e a s e d  s p e e d s  of o p e r a t i o n  of the cam. At such h i g h  
s p e e d s , e v e n  s m a l l  errors in the p r o f i l e  l e a d  to very l a r g e  
unpredictable accelerations and hence high- contact stresses 
and vibration [37].
* The c l a s s i c  w ork by R o t h b a r t  [37] p r o v i d e d  the s t a r t i n g  
p o int for this new d r i v e  towards a c c u r a t e  cam design. As 
c o m p u t e r s  g r a d u a l l y  got i n t r o d u c e d  i n t o  the d e s i g n  
process,the cam profile determination became much easier. The
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c o m p l e x  and o f t e n  r e p e a t e d  c a l c u l a t i o n s  i n v o l v e d  in the 
accurate determination of the profile co-ordinates could now 
easily be coped with by these machines.
Then it became necessary to look at the whole design process 
with keen attention to the dynamics as well as the kinematics 
of cams. The o v e r w h e l m i n g  o b j e c t i v e  in the e n t i r e  disc cam 
d e s i g n  p r o c e s s  ha s  s i n c e  b e e n  m i n i m u m  c a m  s i z e  ( h e n c e  
r e q u i r i n g  l i t t l e  m a c h i n e  s p a c e  for its i n s t a l l a t i o n )  and 
good dynamic performance. To achieve this objective,a number 
of design constraints have to be met. These constraints (the 
subject of Chapters 2,3,and 4) are imposed by:
1.2.1 the f o l l o w i n g  s y s t e m  dynamics
1.2.2 the pressure angle
1.2.3 the radius of curvature of the cam profile
1.2.4 the loading on the cam
1.2.5 the contact stress at the cam/follower interface
1.2.6 the cam shaft diameter
In addition to the need to satisfy the above c o n s t r a i n t s ,the 
d e s i g n  p r o c e s s  is fu r t h e r  c o m p l i c a t e d  by the fact that the 
constraints are not independent of one another. In the words 
of D r uce [ 6 ] , the " m e c h a n i s m  d e s i g n  i n v o l v e s  s a t i s f y i n g  
i n t e r a c t i n g  l i m i t i n g  c o n d i t i o n s  w h i c h  are f u n c t i o n s  of 
independent parameters. ...The optimum sequence of the design 
process is (thus) not evident."
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One of the more c o m m e n d a b l e  e f f orts in the a r e a  of o p t i m u m  
d e s i g n  of disc cams was p r o d u c e d  by Fenton [17] in 1 975. The 
computer program d e v e l o p e d  carried out a dynamic analysis of 
d i s c  c a m s  w i t h  s p e c i f i e d  f o l l o w e r  m o t i o n .  
S t a t i c ,f r i c t i o n a 1 ,s p r i n g ,v i s c o u s ,and i n e rtia f o r c e s  w ere  
t a k e n  into c o n s i d e r a t i o n .  The o b j e c t i v e  was m i n i m u m - s i z e d  
( o r , a 1 1 e r n a t i v e 1 y , ra i n i m u m - v o 1 u ra e ) cam t h a t  s a t i s f i e d  
c o n s t r a i n t s  on the p r e s s u r e  a n g l e  and the c o n t a c t  s t r e s s  at 
the c a m / f o l l o w e r  i n t e r f a c e ,t h e r e b y  taking o n l y  two of the 
above six constraints into consideration. F u r t h e r m o r e ,other 
a s p e c t s  of the m e c h a n i s m  d e s i g n , s u c h  as t h e  s p r i n g  
design,were not gone into.
Earlier in 1973,Wambold and Rutigliano [44] had used p o l y n o ­
mial equations to carry out a dynamic analysis of disc cams. 
In a d d i t i o n  to the p r e s s u r e  a n g l e  and the c o n t a c t  s t r e s s  
c ons t r a i n t s ,this approach took the following system dynamics 
into c o n s i d e r a t i o n  in a r r i v i n g  at the m i n i m u m - s i z e d  cam.^A 
tedious trial-and-error procedure is required by the user of 
the c o m p u t e r  p r o g r a m  w h e n  c h o o s i n g  the powers for e a c h  t e r m  
of the polynomial in a bid to arrive at a com p l e t e l y  accurate 
d e t e r m i n a t i o n  of the f o l l o w e r  motion. The s u b s e q u e n t l y  
g e n e r a t e d  p o l y n o m i a l  and its d e r i v a t i v e s  are t hen c h e c k e d  
a g a i n s t  t h e  b o u n d a r y  c o n d i t i o n s  on t h e  f o l l o w e r  
displacement,velocity,and acceleration set by the particular 
a p p l i c a t i o n .  F a i l u r e  to s a t i s f y  these b o u n d a r y  c o n d i t i o n s  
n e c e s s i t a t e s  a n o t h e r  a t t e m p t  at f o r m u l a t i o n  of the c o r r e c t  
p o l y n o m i a l .
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W h i l e  e n s u r i n g  p o s i t i o n a l  a c c u r a c y  of the f o l l o w e r  and 
cam/follower contact at all times in the cycle of operation 
of the cam,a d i f f e r e n t  set of p o l y n o m i a l  e q u a t i o n s  for the 
f o l l o w e r  m o t i o n  is n e e d e d  w h e n e v e r  e v e n  a s m a l l  chan g e  is 
i n t r o d u c e d  into the m e c h a n i s m  (for e x a m p l e , a n  extra mass on 
the f o l l o w e r  or a d i f f e r e n t  cam speed). T h i s  a p p l i c a t i o n -  
s p e c i f i c  d e s i g n  p r o c e s s  f u r t h e r  a s s u m e s  that the s p r i n g  
characteristics are already known.
L i n i e c k i  [ 2 8 ] , in 1 9 7 6 , in an a t t e m p t  to d e s i g n  the m i n i m u m  
v o l u m e  c a m , a l s o  a d o p t e d  the by now c u s t o m a r y  p r a c t i c e  of 
taking only a s m a l l  fraction of the design constraints into 
c o n s i d e r a t i o n .  The c o m p u t e r  p r o g r a m  d e v e l o p e d  used the 
pressure angle and contact stress constraints to carry out a 
very limited dynamic analysis of the f o l l o w i n g  system. Only 
the follower weight,the spring force,and the follower inertia 
w e r e  c o n s i d e r e d .  L i k e  the o t h e r s  b e f o r e  h i m , L i n i e b k i  
neglected other aspects of the mechanism design.
M a n y  more a t t e m p t s  at an o p t i m u m  d e s i g n  of disc cams h a v e  
been made in m o r e  r e c e n t  years. A m o n g  t h e m  are the works by 
Russ o n  & C h a s e  [38] in 1 9 8 0 , 0 r t h w e i n  [31] in 1984,and E l -  
S h a k e r y  & T e r a u c h i  [8] a l s o  in 1 984 . C hen [4] p r o v i d e s  a list 
of yet more attempts in this area.
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1 . 2 , 1 . 1 SUMMARY
In a l l  of these w o r k s  j,without an e x c e p t i o n , t h e  a p p r o a c h  to 
disc cam d e s i g n  has bee n  f r a g m e n t a r y .  In o t h e r  w o r d s , t h e  
design in every case has considered only a particular feature 
of the m e c h a n i s m  n a m e l y , t h e  cam. In a d d i t i o n , o n l y  a few of 
t h e  n e c e s s a r y  c o n s t r a i n t s  ( m e n t i o n e d  e a r l i e r )  n e e d i n g  
s a t i s f a c t i o n  for an o p t i m u m  d e s i g n  were taken into account. 
W h e r e  a s p r i n g  is used to p r o v i d e  force c l o s u r e  in the 
mechanism,its design is not touched upon. It s s t i f f n e s s ,for 
example,is normally assumed known. Also,the necessary roller 
on the t r a n s l a t i n g  f o l l o w e r  is u s u a l l y  r e q u i r e d  to s a t i s f y  
o n l y  the m a x i m u m  a l l o w a b l e  co n t a c t  stre s s  c o n s t r a i n t .  
A 1 1 e r na t i v e 1 y , i t may o n l y  be r e q u i r e d  to be of s u c h  size as 
w o uld prevent cam profile undercutting (this is dealt with in 
C h a p t e r  4). It s l i f e , d y n a m i c  load c a p a c i t y , t h e  e q u i v a l e n t  
load it carries (all dealt with in Chapter 3) are a l l  unknown 
parameters in these optima designs.
1.3 THE AIMS OF THE PRESENT INVESTIGATION
By d e f i n i t i o n  o p t i m i s a t i o n  is the s p e c i f i c a t i o n  of the 
configuration and materials for the cam mechanism to satisfy 
specified follower motion and load/speed requirements with 
minimum size for a predicted minimum life whilst satisfying 
the limiting conditions imposed by the design constraints.
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It has to be a p p r e c i a t e d  in t he l i g h t  of t h e  a b o v e  
d e f i n i t i o n  that cam m e c h a n i s m  d e sign is not a s t r a i g h t ­
f o r w a r d  task. Not o n l y  must the cam i t s e l f  s a t i s f y  the 
k i n e m a t i c  and d y n a m i c  c o n s t r a i n t s  h i g h l i g h t e d  in Se c t i o n  
1.2,but a lso the r o l l e r  on the t r a n s l a t i n g  f o l l o w e r , f o r  
example,must be selected as much from a consideration of its 
l if e  and l o a d / s p e e d  r e q u i r e m e n t s  as fro m  the n e c e s s i t y  to 
ensure that the constraints on the cam are met. The spring on 
the f o l l o w e r  a l s o  n e eds to be d e s i g n e d  to m a k e  sure that 
w h i l e  it e n s u r e s  c o n t i n u e d  c o n t a c t  b e t w e e n  the cam and 
f o l l o w e r  at a l l  t i m e s , i t  is not at the s a m e  time u n d u e l y  
strong for the purpose. If it were,it would lead to excessive 
wear of both the cam and follower roller materials'.
Furthermore,requirements (with respect to the pressure angle 
c o n s t r a i n t ,for e x a m p l e )  for the f o l l o w e r  r ise and return 
motions may be different. (It will be shown in Chapter 2 how 
this constraint influences cam size.) The a v a i l a b l e  machine 
s p a c e  for the i n s t a l l a t i o n  of the cam c o u l d  a l s o  be a 
d e c i d i n g  factor in cam size s e l e c t i o n .  T h e s e  r e q u i r e m e n t s  
often conflict one with the other.
Thus,it has to be e x p e c t e d  that a c o m p r o m i s e  n e eds to be 
found between the various requirements in order to arrive at 
an optimum design of the mechanism. Accordingly, interactive 
computer software enabling informed decision-making is deemed 
vital. Such software sho.uld provide detailed performance data
specific to the design in progress.
With the above considerations in mind,this investigation has 
a i m e d  to i n i t i a t e  the d e v e l o p m e n t  a n d  v a l i d a t i o n  of 
interactive computer software for the optimised design of the 
complete disc cam-translating r o l l e r  follower mechanism in 
a c c o r d a n c e  with the r a t i o n a l  s t r a t e g y  put f o rward by D r u c e  
[6]. It m ust be noted that the m a n u f a c t u r i n g  aspect of the 
c o m p l e t e  s t r a t e g y  is not c o v e r e d  in the wor k  d e s c r i b e d  in 
this project. There are two reasons for this.
F i r s t 1 y ,c o m m e r c i a 1 software packages are available for the 
automatic generation of the p a r t  p r o g r a m  for the manufacture 
of the cam after the cam p r o f i l e  is p l o t t e d  on a c o m p u t e r -  
a i d e d  d e s i g n  system, Such a p a c k a g e , G e o m e t r i c  N u m e r i c a l  
C o n t r o l  ( G N C ) , i s  a v a i l a b l e  f o r  i n t e r f a c i n g  to P R I M E  
M E D U S A , t h e  C AD s y s t e m  to w h i c h  D I C A D E S , t h e  cam d e s i g n  
s o f t w a r e  d e s c r i b e d  in t h i s  t h e s i s , i s  i n t e r f a c e d .  A 
d e s c r i p t i o n  of P R I M E  M E D U S A  is g i v e n  in C h a pter 6. M o r e  is 
said on manufacturing data generation in Chapter 7.
S e c o n d 1 y ,with the ready a v a i l a b i l i t y  of n u m e r i c a l l y -  
c o n t r o l l e d  m a c h i n e s  c a p a b l e  of a c c u r a t e l y  c u tting the 
c a m , e m p h a s i s  in cam design is i n c r e a s i n g l y  being p l a c e d  on 
accurate analysis and synthesis leading to an optimum design.
T h u s , w i t h  r e s p e c t  to the d e s i g n  p r o p e r , t h i s  i n v e s t i g a t i o n  
has sought to establish and d e v e l o p  the principles i n v o l v e d
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ba s e d  on c u r r e n t l y  a v a i l a b l e  k n o w l e d g e  in C h e n  [4] and the 
E n g i n e e r i n g  S c i e n c e s  D a t a  U n i t  I. t e r n s  
C93,[10],[11],[12],[133,[14].
A number of p o l y n o r a i a 1, t r i g o n o m e t r i c ,and c o m b i n a t i o n s  of 
these curves (see appendix A3) is provided for the designer 
to s e l e c t  in s p e c i f y i n g  the requi r e d  f o l l o w e r  (output) 
motion. Some of these curves have better dynamic properties 
tha n  others and the c h o i c e  of any of them s h o u l d  d e p e n d  on 
the p a r t i c u l a r  a p p l i c a t i o n .  ESDU 82006 [10] g i v e s  c o n c i s e  
discussions of these curves along with guidance on which to 
employ in a given application.
The p r o v i s i o n  of a s e l e c t i o n  of c u r v e s  (which can be 
augmented as more d y n a m ically good curves are developed) is 
in k e e p i n g  w ith the aim of d e s i g n i n g  a g e n e r a l - p u r p o s e  cam 
mechanism. S.uch a m e c h a n i s m  is r e q uired o n l y  to m o v e  the 
f o l l o w i n g  s y s t e m  t h r o u g h  a certain d i s t a n c e  (from one 
s t a t i o n a r y  p o s i t i o n  to a n o t h e r  in a time c o r r e s p o n d i n g  to a 
given cam rotation angle) as effectively as possible.
The author has further sought to provide software suitable 
for direct i n d u s t r i a l  a p p l i c a t i o n .  Last but by no means 
l e a s t , t h e  a u t h o r  h a s  h a d  the a c a d e m i c  e n v i r o n m e n t  in 
m i n d , w h e r e  it is h o p e d  the s o f t w a r e  w i l l  c o n t r i b u t e  to the 
t e a c h i n g  of d e s i g n  of cams in g e n e r a l  and d isc cams in 
par t i c u l a r ,
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1.4 PLAN OF INVESTIGATION
The d e s i g n  c o n s t r a i n t s  w h i c h  h a v e  to be s a t i s f i e d  in d isc 
cam design (highlighted in 1.2.1 - 6) are not independent of
one another. In fact,they interact one with the other a ll the 
way t h r o u g h  the design. T h e s e  c o n s t r a i n t s  c o m p l i c a t e  the 
design process to the extent that,as Druce [6] points out,an 
optimum sequence of analysis is not evident. Consequent 1 y ,it 
is n e c e s s a r y  to i s o l a t e  a t y p i c a l  c o n s t r a i n t  to be u s e d  at 
the outset to demonstrate the principles involved,and to show 
the e f f e c t  of the other c o n s t r a i n t s  on the design in l a t e r  
s t a g e s ,
A c c o r d i n g 1 y ,in C h a p t e r  2 the p r e s s u r e  a n g l e  is u sed to 
p r o v i d e  a t y p i c a l  c o n s t r a i n t .  The a l g o r i t h m  and a s s o c i a t e d  
program (the latter called the GEOMETRY MODULE) developed in 
that c h a p t e r  e s t a b l i s h e s  the m e c h a n i s m  c o n f i g u r a t i o n .  The 
m o d u l e  g e n e r a t e s  a n u mber of v a l i d  (i.e.satisfying the 
pressure angle constraint) solutions with respect to the cam 
g e o m e t r i c  p a r a m e t e r s  of p r i m e  c i r c l e  r a d i u s  and f o l l o w e r  
offset for the designer to select (these terms are defined in 
Section 1.6). These parameters are presented in dimensionless 
form (see S e c t i o n  1.8,1).
The dimensionless offset/prime circle radius pair selected 
in C h a p t e r  2 is then used in C h a p t e r  3,w h e r e  an a n a l y s i s  of 
the f o rce s y s t e m  on the cam m e c h a n i s m  is ca r r i e d  out in a 
p r o g r a m  c a l l e d  the FORCE A N A L Y S I S  M O D U L E  (see Fig.2.2 for
1-12
force system on follower). The design constraint here is that 
the loading on the mechanism should be such that the f o l l o w e r 
n e v e r  breaks c o n t a c t  w i t h  the cam in the e n t i r e  cam m o t i o n  
(i.e.one c o m p l e t e  r o t a t i o n  of the cam shaft). In t hat m o d u l e  
the spring d e s i g n  is i n i t i a t e d  by p r o v i d i n g  a n u m b e r  of 
s p r i n g  c h a r a c t e r i s t i c s  (for e x a m p l e , s t i f f n e s s , m a x i m u m  
1 o a d ,o p e r a t i n g  d e f 1 e c t i o n ,etc.). These characteristics must 
be used with some a d d i t i o n a l  spring data o u t s i d e  the F O R C E  
A N A L Y S I S  M O D U L E  (such as the e l a s t i c  l i mit of the s p r i n g  
m a t e r i a l  and the m a x i m u m  a l l o w a b l e  w o r k i n g  s t r e s s  for the 
spring),to subsequently determine the necessary spring size 
for the a p p l i c a t i o n  (see N e k l u t i n  [30] and S u r r e y  s p r i n g  
d e s i g n  m o d u l e  [41]). R e f e r  to Chapter 7 for r e a s o n  b e h i n d  
incomplete spring design.
D a t a  for the n e c e s s a r y  r o l l e r  bearing (on the t r a n s l a t i n g  
f o l l o w e r )  is a l s o  p r o v i d e d  in the module. T h i s  d a t a  m u s t  be 
u s e d  in c o n j u n c t i o n  w i t h  a r o l l e r  b e a r i n g  m a n u f a c t u r e r ' s  
c a t a l o g u e  to s e l e c t  the n e c e s s a r y  r o l l e r  s i z e  for the 
a p p l ication.
T he r o l l e r  size is a l s o  i n v o l v e d  in C h a p t e r  4,w h e r e  two 
p r o g r a m s  c a l l e d  the R A D I U S  OF C U R V A T U R E  M O D U L E  and the 
CONTACT STRESS/UNDERCUTTING MODULE are developed. The RADIUS 
OF C U R V A T U R E  M O D U L E  c o m p u t e s  the pitch c u r v e  (see S e c t i o n  
1.5) r a d i u s  of c u r v a t u r e  at i n c r e m e n t a l  s t e p s  of c a m  
r o t a t i o n ,e s t a b 1 i s h i n g  the m i n i m u m  v a l u e s  ( p o s i t i v e  and
n e g a t i v e )  in the p r o c e s s .  T h e  v a l u e  at the m a x i m u m  
c am/follower contact force location is also evaluated (the 
m a x i m u m  c o n t a c t  force l o c a t i o n  b e i n g  read f rom the F O R C E  
ANALYSIS MODULE).
The C O N T A C T  S T R E S S / U N D E R C U T T I N G  M O D U L E c o m p u t e s  r a n g e s  of 
r o l l e r  and c u t t e r  sizes n e c e s s a r y  to p r e v e n t  u n d e r c u t t i n g  
(undercutting is dealt with in Chapter 4) and to ensure that 
the contact stress constraint is satisfied. The minimum pitch 
c u r v e  radii of c u r v a t u r e  ( p o s i t i v e  and n e g a t i v e )  and the 
radius of curvature at maximum cam/follower contact force are 
used in this process.
Data from C h a p t e r s  2 to 4 is then u s e d  in C h a p t e r  5 in a 
program c a l l e d  PROFILE/CUTTER PATH CO-ORDINATES MODULE. This 
p r o g r a m  c o m p u t e s  the c o - o r d i n a t e s  of the cam p r o f i l e , t h e  
roller centre,and the cutter centre (in polar and cartesian 
f o r m a t ).
The r e s u l t s  f rom each a n a l y t i c a l  m o d u l e  are p r e s e n t e d  in 
graphical as wel l  as tabular format.
T h e  u s e r ’s g u i d e  to t he c o m p l e t e  d i s c  c a m  d e s ign' 
s o f t w a r e ,D I C A D E S  (for Disc CAm D E S i g n ),is p r e s e n t e d  in 
Chapter 6. Also in that chapter is presented a description of 
the use of F 0 R T R A N 7 7  and CPL (i.e.Prime’s C o m m a n d  P r o c e d u r e  
Language) in carrying out the programming of the analytical 
modules and the interaction of the m o d u 1 e s ,r e s p e c t i v e l y . The
g r a p h i c s  aspect of the s o f t w a r e ,i n c 1 u d i n g  the s p e c i f i c  
g r a p h i c  p r o g r a m m i n g  l a n g u a g e  used ( c a l l e d  S u p e r s y n t a x ),is 
also described.
Chapter 7 contains the conclusions and recommendations for 
further work. Among the areas needing further analysis is the 
following system. The precise experimental determination of 
the natural f r e q uency,s t i f f n e s s ,and da m p i n g  c h a r a c t e r i s t i c s  
of the following system is still required to ensure that an 
exhaustive dynamic analysis of the ‘ mechanism is carried out 
in the FORCE ANALYSIS MODULE.
1.5 DEFINITIONS
F i g u r e  1.1,taken f r o m  [9] with an extra d e t a i l  a d d e d  on, 
s h o w s  the cam n o m e n c l a t u r e  used in this i n v e s t i g a t i o n .  The 
f o l lowing preliminary definit ions ,notes and exp lanationa', to 
which reference may be made as the need arises,are offered.
. A c a m  is a m e c h a n i c a l  c o m p o n e n t  of a m a c h i n e  w h i c h  by d i r e c t  
contact transmits a prescribed motion to another mechanical 
c om p o n e n t , ca 1 led the follower,by virtue of the shape of its 
p r o f i l e .
T h e  t e r m , t h e  f o l l o w i n g  s y s t e m , r e f e r s  to a l l  t h o s e  
e l e m e n t s , i n c l u d i n g  t h e  f o l l o w e r , t o  w h i c h  m o t i o n  is
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transmitted by the cam. Thus,if a certain mass is to be moved 
f r o m  one l o c a t i o n  to a n o t h e r  by the f o l l o w e r , t h e  m a s s  and 
f o l l o w e r  c o m b i n a t i o n  c o n s t i t u t e  the f o l l o w i n g  system. The 
s p r i n g  on the f o l l o w e r  (see F i g . 3.3) a l s o  f o rms par t  of the 
fol l o w i n g  system.
The term,the cam m e c h a n i s m ,  refers to:the cam,the f o l l o w i n g  
system,and the machine-frame. This mechanism is found in many 
a p p l i c a t i o n s  w h ere m o t i o n  of one type (such as r o t a r y  and 
t r a n s l a t o r y )  needs to be c o n v e r t e d  into m o t i o n  of a n o t h e r  
typ e  (such as t r a n s l a t o r y  and o s c i l l a t o r y ) .  A m o n g  the m a n y  
a p p l i c a t i o n s  where the cam m e c h a n i s m  is u sed a few a r e i i n  
a u t o m a t i c  m a c hine t o o l s , i n  the v a l v e  gear of i n t e r n a l -  
c o m b u s t i o n  e n g i n e s , i n  the p a c k a g i n g  i n d u s t r y ,in a u t o m a t i c  
production machines,and in textile machineries.
Two pairs of orthogonal axes (the X-Y axes,Fig,1.1 ) are used 
as a r e f e r e n c e  point for the m e a s u r e m e n t  of a l l  a n g l e s .  The 
X c - Y c  axes h a v e  t h eir o r i g i n  at the cam c e n t r e  of r o t a t i o n .  
These axes are considered permanently "fixed" to the cam (and 
hence rotate with it). Their angular displacement r e l a t i v e  to 
any feature of the cam (such as the initial cam position) can 
be e n t i r e l y  arbitrary. The same set of Xc-Yc axes w i l l  be 
c o n s i d e r e d  in o p e r a t i o n  for e v e r y  s e g ment of c am m o t i o n  
throughout this investigation.
The Xm-Ym axes (Fig.1.1) a l s o  h a v e  their o r i g i n  at the cam 
c e n t r e  of r o t a t i o n , b u t  a r e  p e r m a n e n t l y  " f i x e d "  to the
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m a c h i n e - f r a r a e ,  T h e  Ym a x i s  w i l l  , t h r o u g h o u t  t h i s  
investigation,be regarded as p a r a l l e l  to the f o l l o w e r  line of 
motion. The f o l lower line of motion w i l l  always be considered 
vertical. The positive sense of rotation of the cam is anti­
c l o c k w i s e .  F o l l o w e r  d i s p 1 a c e m e n t ,velocity and acceleration 
are positive when moving outwards,away from the cam centre of 
ro t a t i o n .
The cam p r o f i l e  (Fig.1.1) is the a c t u a l  s u r f a c e  of the cam 
in contact with the follower roller.
The pi tc h c u r v e  (Fig.1.1) is the locus of the roller centre 
around the cam profile. This is readily appreciated from the 
s t a n d p o i n t  of k i n e m a t i c  i n v e r s i o n  (see S e c t i o n  1.2) of the 
cam and f o l l o w e r , i n  which the cam is s t a t i o n a r y  and the 
follower moves around the cam profile. The r o l l e r  centre is 
also called the t r a c e  point.
The base c i r c l e  (Fig,1.1) is the s m a l l e s t  t a n g e n t  c i r c l e  
drawn from the cam centre of rotation to the cam profile.
The pr im e c i r c l e  (Fig,1.1) is the s m a l l e s t  t a n g e n t  c i r c l e  
drawn from the cam centre of rotation to the pitch curve.
The fo llowe r 3troke (see Fig.1.2) is the total follower lift 
or f a l l  associated with a n o n - d w e l l  motion segment.
k m o t i o n  s e g m e n t  is a period of cam r o t a t i o n  o v e r  w h i c h  a
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cam law applies.
A c a m  l a w  is a term used for the m a t h e m a t i c a l  e x p r e s s i o n  
(and its related time or angle derivatives) which defines the 
m o t i o n  of the f o l l o w e r .  In d e t e r m i n i n g  the cam p r o f i l e , t h e  
cam law needs to be known at the outset.
A motion segment can be a d w e l 1,rise,or return/fall.
The m o t i o n  s e g m e n t  is a d w e l l  if f o l l o w e r  d i s p l a c e m e n t  is 
zero throughout the period of rotation of the cam.
In a rise motion segment,the f o l lower moves from the i n n e r
d w e l l  'to the o u t e r  dwell.
The i n n e r  d w e l l  is the dwell position at which the distance 
b e t w e e n  the cam centre of r o t a t i o n  and the r o l l e r  c e n t r e  
exactly equals the radius of the prime circle.
The o u t e r  d w e l l  is the d w e l l  p o s i t i o n  re a c h e d  w h e n  the 
f o l l o w e r  moves away from the inner dwell (and the earn centre 
of rotation) through a distance equal to the stroke.
In a r e t u r n  or f a l l  motion segment,the follower moves from 
the outer dwell to the inner dwell.
In a c o m p l e t e  cam m o tion (i.e.one c o m p l e t e  r o t a t i o n  of the
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cam shaft),the follower performs a series of motion segments 
c o n s i s t i n g  of the types d e s c r i b e d  above. S u c h  a s e r i e s  can 
belong to one of three cam motion types:
D R D  ( D w e 1 1 - R i s e - D w e 11 or D w e 1 1 - R e t u r n - D w e 1 1 ). In this 
t y p e , t h e  f o l l o w e r  d i s p l a c e m e n t  is zero for p a r t  of the cam 
a c t i o n  (i.e.the dwe 1 1 ), f o 1 1 ow e d by a rise or r e t u r n , t o  
another dwell. The complete cam motion is a dwe 1 1-rise-dwe 11- 
return-dwell or dwe 1 1 - r e t u r n - d w e 1 1 -rise-dwe11.
D R R D  (Dwe11 - R i se-Return-Dwe11 or D w e 1 1 - R e t u r n - R i s e - D w e 11). 
In this type,no d w e l l  e x i s t s  b e t ween the r i s e  and r e t u r n  
s e g m e n t s .
R R R  (R i s e - R e t u r n - Rise or R e t u r n - R i s e - R e t u r n ). In this 
type,no dwells exist anywhere in the motion segment.
The cam laws used in this investigation are for the DRD cam 
m o t i o n  type. A d i s c u s s i o n  of the DRRD and RRR m o t i o n  t y p e s  
can be found in Rothbart [373 and Chen [4],
The f o l l o w e r  o f f s e t , E  (see F i g . 1.2),is the d i s p l a c e m e n t  of 
the follower line of motion from the cam centre of rotation. 
A displacement to the right of the cam centre of rotation is 
c o n s i d e r e d  p o s i t i v e ; a l e f t  of c e n t r e  d i s p l a c e m e n t  is 
considered negative.
A s e g m e n t  angle, c& (see F i g . 1.2),is the t o t a l  ca m  a n g l e  of
1 - 2 0
r o t a t i o n  for one m o t i o n  segment. The r o t a t i o n  of the cam 
t h r o u g h  the rise m o t i o n  s e g m e n t  a n g l e  l i f t s  the f o l l o w e r  a 
d i s t a n c e  e q u a l  to the s t r o k e j t h e  f o l l o w e r  f a l l s  t h r o u g h  an 
e q u a l  d i s t a n c e  in the r e t u r n  motion. The s e g m e n t  a n g l e  is 
c o n t a i n e d  b e t w e e n  the r e l a t i v e  p o s i t i o n s  of the Xc axis (or 
the Yc axis) (see F i g . 1.2) at the b e g i n n i n g  and end of a 
motion segment.
The cam angle of rotation at any point in a motion segment,^ 
(see F i g . 1.1),is m e a s u r e d  from the Xm axis to the Xc axis. At 
the b e g i n n i n g  of the first m o t i o n  s e g m e n t  in the e n tire cam 
motion,the cam angle of rotation need not equal zero (i.e.the 
Xc and Xm axes need not coincide).
The c o n t a c t  p o i n t  (or n o m i n a l  p o i n t  of c o n t a c t ,Fig. 1.1 ) is 
the point at the c a m / r o l l e r  i n t e r f a c e  at w h i c h  the c o n t a c t  
force b e t w e e n  the cam and r o l l e r  (at any p o i n t  in the cam 
motion) acts.
.1.6 ASSUMPTIONS IN INVESTIGATION
The following assumptions have been made in the development 
of the computer software described in the f o l l owing chapters:
1.6.1 the cam shaft,cam, and f o l lowing system are assumed to 
be s t i f f ,i.e."rigid" (this is explained more fully in Chapter
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2 w i t h  r e s p e c t  to the f o l l o w i n g  s y s t e m ) .  U s i n g  t h i s  
a s s u m p t i o n ,the d e f l e c t i o n s  in the s y s t e m  w h i c h  p r o d u c e  
vibration are eliminated. Vibration leads to the f o l l o w i n g  
system not executing motion as defined by the k i n e m a t i c a l l y  
determined cam law selected.
1.6.2 back lash,i.e.the c l e a r a n c e  b e t w e e n  the f o l l o w e r  s t e m  
and its guides (see Fig.2.7),is assumed negligible. B a c k l a s h  
in the s y s t e m  leads to f o l l o w e r  chatter. R o t h b a r t  [37] and 
C he n  [4] s u g g e s t  the use of c o m m e r c i a l l y  a v a i l a b l e  b a l l  
bushings for the follower to reduce backlash.
1.6.3 slip (or sliding) between the cam and follower r o l l e r  
is a s s u m e d  n e g l i g i b l e .  The c o n t a c t  force at the c a m / r o l l e r  
interface will thus be in the direction of the common normal, 
between the cam and roller at their contact point [19].
1.6.4 the cam is assumed to r o t a t e  at a c o n s t a n t  a n g u l a r  
speed,w (rad/sec). This assumption enables the representation 
of the cam c u r v e s  as f u n c t i o n s  of cam a n g l e  of r o t a t i o n  
instead of time,without error in the follower motion. Curves 
of d i m e n s i o n l e s s  f o l l o w e r  d i s p l a c e m e n t , v e l o c i t y  a n d  
a c c e l e r a t i o n  are used in this i n v e s t i g a t i o n  (see S e c t i o n  
1.7).
1.6.5 the f o l l o w i n g  s y s t e m  is a s s u m e d  to h a v e  a d y n a m i c  
m o d e l  of a s i n g 1 e - d e g r e e - o f - f r e e d o m  (see F i g . 1.3). K o s t e r  
[25] shows that such a model compared to m ultiple-degrees-of-
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f r e e d o m  s y s tems has the l o w e s t  n a t u r a l  f r e q u e n c y .  T h i s  
natural frequency dominates the transient f o l lower response. 
And the transient follower response characterises the dynamic 
performance of the following system.
EQUIVALENT HAS-i o r  E n U O W IfM  SYSTEM .
Fl'j | . J  Of
1.6.6 a l l  the cam laws u s e d  in this i n v e s t i g a t i o n  (see 
appendix A3) are symmetrical s a t i s f y i n g  the conditions given 
in the table below at normalised cam rotation value, U-j.
w r w i
1 ~u 1 -w w 1 - w 1 1 1
where 0 <= U <= 0.5 
Table 1.1 [10]
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1.6.7 the rise motion segment angle is assumed equal to the 
return motion segment angle.
1.6.8 a s i n g l e  cam law is a s s u m e d  to a p p l y  to a l l  m o t i o n  
segments in the complete cam motion.
1.6.9 the motion segments are of the DRD type.
1.6.10 In a n y  m o t i o n  s e g m e n t , t h e  f o l l o w i n g  b o u n d a r y  
conditions are assumed to apply.
INPUT OUTPUT
Cam rotation(U) D i splacement(W) Velocity(W) A c c e l e r a t i o n (W )
0 0 0 0
0.5 0.5 max 0
1 1 0 0
Table 1.2
The c am a n g l e  of r o t a t i o n  at a ny p o i n t  in a m o t i o n
s egment, 0, is thus given by:
<t> = d Q+ U<5, where 0 <= U <= 1 (1.1)
At cam a n g l e , t h e  follower displacement from the Xm axis is
given by:
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Y m = ymo+ WH, where 0 <= U <= 1
0 <= W <= 1
( 1 . 2 )
1.7 DIMENSIONLESS PARAMETERS
1.7.1 INTRODUCTION
A n u m b e r  of p a r a m e t e r s  used in this i n v e s t i g a t i o n  are 
p r e s e n t e d  in d i m e n s i o n l e s s  form. T h e s e  i n c l u d e  a l l  the 
follower motion functions (or cam laws) and the cam geometric 
pararaeters,such as the prime circle radius and the f o l l o w e r  
o f f s e t .
A p a r t  f r o m  the fact that d i m e n s i o n l e s s  v a l u e s  are more  
portable (being independent of any system of u n i t s ),computer 
o u t p u t  w i t h  such v a l u e s  (in n u m e r i c a l  form) is muc h  less 
unwieldly than it otherwise w o u l d  be if dimensional values 
were used. T h e r e  is the f u r t h e r  a d v a n t a g e  of s a v i n g s  in 
c o m p u t e r  p r o c e s s i n g  time since s i m p l e r  n u m b e r s  are used in 
c o m p u t a t i o n s .
It must not also be forgotten that the amount of user input 
required in programs using dimensionless parameters is likely 
to be much reduced. The user of the software described in the 
following chapters,for exarap1 e ,w o u 1 d find that the follower 
s t r o k e  is not a r e q u i r e m e n t  in the G E O M E T R Y  M O D U L E  (the 
p r o g r a m  that c o m p u t e s  r e c o m m e n d e d  v a l u e s  of prime c i r c l e
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radius and follower offset for use in other modules requiring 
them):these g e o m e t r i c  p a r a m e t e r s  are made d i m e n s i o n l e s s  by 
dividing them by the f o l l o w e r  stroke. Also,the cam angle of 
rotation at the beginning of the first motion segment is not 
required until the user comes to the last of the a n a l ytical  
modules,i.e. the PROFILE/CUTTER PATH CO-ORDINATES MODULE.
1.7.2 DIMENSIONLESS MOTION FUNCTIONS
Th e  f o l l o w e r  l i n e a r  d i s p l a c e m e n t , y , a n d  c a m  a n g u l a r  
d i s p l a c e m e n t ,  are n o r m a l i s e d  by d i v i d i n g  t h e m  by t h eir 
maximum values in the rise motion segment [36],
Thus if
Follower lift = H (m)
Segment angle = <5 (rad)
Then
W = y/H = normalised follower linear displacement (1.3) 
U = ^ / S s  normalised cam angle of rotation (1.4)
where cam angle producing follower disp lacement ,y, in
t ime,t .
Note: if cam a n g l e  at s t art of first m o t i o n  s e g m e n t  is
1 -26
0O ,then cam angle at time t is 0,giving:
$ - ^ Q = actual cam angle at time,t.
In this i n v e s t i g a t i o n , a l 1 user input angles are in degrees. 
These are converted to radians in the programs.
From the foregoing initial stages,the dimensionless process 
([10],[36]) leads to the following mathematical expressions 
for the dimensionless output velocity,and acceleration:
V. U * P I / 1  80)
W »=   (1.5)
(wH)
and
a. ( <5*PI/ 1 80 )2
W ’ ’=   (1.6) '
(w 2 H )
The following form of the velocity equation is also used in 
this investigation:
dy V W * (180H)
Vc = —  = - = ------- ^ c o n v e r t e d  f o l l o w e r  v e l o c i t y  (1.7)
d£. w (PI* 5)
The e q u a t i o n s  p r o v i d e d  for the use r  to s e l e c t  in this
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investigation are of the forms of eqns. 1.3,1.5 , & 1.6.
1.8 HARDWARE CONFIGURATION
The s o f t w a r e  d e s c r i b e d  in the f o l l o w i n g  c h a p t e r s  was 
de v eloped on the Prime 9750 central processor (a mul t i - u s e r  
mini-computer). The operating system is called PRIMOS.
If o n l y  an a l p h a - n u m e r i c  r e p r e s e n t a t i o n  of the r e s u l t s  
obtained from running the a n a l y t i c a l  modules of the software 
is r e q u i r e d , t h e  s o f t w a r e  can be run i n t e r a c t i v e l y  f r o m  any 
terminal connected to the central processor. Where graphical 
as w e l l  as a l p h a - n u m e r i c  r e p r e s e n t a t i o n  is r e q u i r e d , t h e  
s o f t w a r e  needs to be run f r o m  the sitjgle-user P R I M E  M E D U S A  
Workstation shown in Fig.1.4.
I---------------------------------1
Fig. 1.4 Single-user PRIME MEDUSA Workstation 
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P R I M E  M E D U S A  is t h e  t r a d e  n a m e  g i v e n  by P R I M E  (the 
manufacturer of the PRIME 50 Series of mini-computer systems) 
to their computer-aided design package, A description of this 
p a c k a g e ,i n c 1 uding its use for ca r r y i n g  out the g r a p h i c  
programming part of the disc cam design software,is given in 
Chapter 6,.
In the f o 1 lowing, the description of the MEDUSA Workstation 
has been obtained from Douthwaite & Pollard [5],
The graphic display unit is a high-resolution display screen 
u s e d  for g r a p h i c a l  d i s p l a y  of the results from D I C A D E S .  The 
c e n t r a l  e l e m e n t  of the w o r k s t a t i o n ,this unit is e i t h e r  a 
s t o r a g e  tube or r a s t e r  d i s p l a y  version. An a l p h a - n u m e r i c  
display terminal (not shown in the figure) forms part of the 
workstation;it permits user inputs into D I C A D E S ,displays the 
a l p h a - n u m e r i c  r e s u l t s  (if r e q u i r e d )  and p r o m p t s  a nd e r r o r  
m e s s a g e s .
The k e y b o a r d  is u sed for L o g g i n g  in, L o a d i n g  and r u n n i n g  
DICADES,and for exiting from DICADES.
Further annotation by the user of the graphical output from 
D I C A D E S  can be c a r r i e d  out u s i n g  the J o y s t i c k  and c o m m a n d  
menu tablet. The joystick controls the position of the cursor 
on the graphic display unit. It is used in conjunction with a 
s t y l u s  or puck (puck is s h o w n  l y ing on t a b l e t  in f i g u r e )  to 
d raw f u r ther gr a p h i c  d e t a i l  on the screen. The s t y l u s  (or
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puck) is used to p r obe the t a b l e t  m e n u  to e n t e r  a g r a p h i c  
command (into M E D U S A )  that w o u l d  o t h e r w i s e  r e q u i r e  s e v e r a l  
lines of typing at the keyboard.
The main use of the s t y l u s  and t a b l e t  w i t h  r e s p e c t  to 
DICADES i s ,h o w e v e r ,to send graphical output (through MEDUSA) 
to be plotted on the offline high-speed Calcorap 960 plotter,
1-30
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CHAPTER 2
THE PRESSURE ANGLE CRITERION AND CAM SIZE OPTIMIZATION
2.1 INTRODUCTION
Thi s  c h a p t e r  p r e s e n t s  an a l g o r i t h m  that d e s c r i b e s  a v e r y  
effective numerical optimization process used to establish 
pairs of values of follower offset and corresponding minimum 
p r i m e  c i r c l e  r a d i u s .  P r i o r  to the p r e s e n t a t i o n  of t h e  
a l g o r i t h m , t h e  e s t a b l i s h m e n t  of m o r e  than one pair of t h e s e  
cam geometric parameters is justified. These v a l u e s ,presented 
in d i m e n s i o n l e s s  f o r m  ( i . e . d i v i d e d  by the f o l l o w e r  
lift, H), are obtained by limiting the m a x i m u m  p r e s s u r e  a n g l e  
(Section 2.2) in e i t h e r  the rise m o t i o n  o n l y , o r  in both the 
rise and return motions.
The o v e r a l l  cam design process i n v o l v e s  the satisfaction of 
a n u m b e r  of i n t e r a c t i n g  c o n s t r a i n t s  (see 2.3.1.1 to 
2.3.1.6),including that imposed by the pressure angle. These 
constraints complicate the design to the extent that,as Druce 
[6] p o i n t s  out,an o p t i m u m  s e q u e n c e  of a n a l y s i s  b e c o m e s  
e l u s i v e .
T h u s , i t  is n e c e s s a r y  to i s o l a t e  a t y p i c a l  c o n s t r a i n t  to be 
used at the outset to demonstrate the principles i nvolved,and  
to show the effect of the other constraints on the design in
2-2
later stages. A c c o r d i n g l y ,the pressure angle is used in this 
chapter to provide a typical constraint. The pressure angle 
b e ars a very d i r e c t  r e l a t i o n s h i p  to the g e o m e t r y  of the cam 
m ec h a n i s m ♦
2.2 DEFINITIONS
T he p r e s s u r e  angle,QL,in any mo ti on s e g m e n t , i s  the ac ut e 
angle measured from the line of follower motion to the common 
n o r m a l  to the cam p r o f i l e  and the f o l l o w e r  r o l l e r  at their 
p o i n t  of c o n t a c t  (Fig.2.1)
The f o l l o w i n g  r e l a t i o n s h i p  d e t e r m i n e s ,in t e r m s  of the 
geometry of the cam mechanism,the pressure angle [91:
t a n a  = ( A W 1- E)/ym (2.1)
T h e  m a x i m u m  p r e s s u r e  a n g 1 e , afma x , i n a n y  g i v e n  m o t i o n  
s e g m e n t , i s  d e f i n e d  as tha t  v a l u e  at w h i c h  the f i r s t  time 
de rivative of equation 2.1 equals zero.
For the p u r p o s e s  of this i n v e s t i g a t i o n ,  a:inax for the rise 
m o t i o n  o n l y  is d e s i g n a t e d ,& r . For both the rise and r e t u r n  
mot ions , ofmax is designated ,^r f.
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FOLLOWER LJNc OF MOTION
F ' o . ^ . i  PRESSURE .ANGuE AND CAM GEOMETRY
The limiting pressure angle is defined for either the rise 
motion only or both the rise and return mot ions ,0^  r f > as
an e m p i r i c a l  v a l u e  d e c i d e d  by the d e s i g n e r  that  must  not be 
exceeded in the appropriate motion segment(s).
Thus for pressure angle control in the rise motion only: 
ABS(e() <= ABS(tfl r ) (2.2a)
For control in both the rise and return motions:
ABS(et) <= ABS(tfl r f ) (2.2b)
The mathematical mi ni mum cam size is defined as that value 
of. p r i m e  c i r c l e  r a d i u s  w h i c h , i n  c o n j u n c t i o n  w i t h  a 
c o r r e s p o n d i n g  f o l l o w e r  o f f s e t , s a t i s f i e s  the f o l l o w i n g  
(strictly,ideal) condition [15]:
ABS(tanafp r ) = ABS (t anetnr ) = ABS(tana(l r ) (2,3)
where afpr & # nr are the actual maximum positive and negative 
p r e s s u r e  a n g 1 e s ,r e s p e c t i v e 1 y ,rea 1 ised in the r i s e  m o t i o n  
s e g m e n t .
The o p t i m u m  (or s m a l l e s t  p r a c t i c a l )  cam s i z e  is d e f i n e d  as 
that v a l u e  of p r i m e  c i r c l e  r a d i u s  (that may or m ay  not be the 
m a t h e m a t i c a l  m i n i m u m )  w h i c h , i n  c o n j u n c t i o n  w i t h  a 
corresponding f o l l o w e r  of fset, satisfies one of the f o l l o w i n g  
two conditions:
Where pressure angle is controlled in the rise motion onJLy: 
ABS(tanafr ) <= ABS(tan0tl r ) (2.4a)
Where control is in both the rise and return motions: 
ABS(tane^r f ) <= ABS(tan&lrf) (2.4b)
With respect to the rise motion,the following relationship 
h o l d s :
ABS (a(r ) = M A X [ A B S ( ^ p r ) , ABS(^n r )] (2.5)
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It m u s t  be n o t e d  that n e i t h e r  a m a x i m u m  nor a l i m i t i n g  
p r e s s u r e  a n g l e ,  for the r e t u r n  m o t i o n  o n l y , i s  g i v e n  any 
consideration in this investigation (see 2 .6 .1.1 ).
2.3 PRIMARY OBJECTIVE
The u l t i m a t e  o b j e c t i v e  of good cam d e s i g n  is the s m a l l e s t  
practical cam that w ill ensure smooth and noiseless follower 
m o t i o n  (see 2.3.2.1 - 5 b e l o w ) .  F o u r  m a i n  g e o m e t r i c
parameters are i n v o l v e d  in the realisation of this objective:
2.3.1 the prime circle radius (Ra)
2.3.2 the follower offset (E)
2.3.3 the f o l lower roller radius (Rr)
2.3.4 the cam width (i.e.,c a m / f o 1 1 ower contact width,1)
In a d d i t i o n  to the a b o v e  p a r a m e t e r s ,the f o l l o w e r  
1 if t , H , segment angle for each motion s e g m e n t , <5^ , cam law,and 
cam angular speed,w (rad/sec),are fundamental parameters that 
need to be specified before the design is initiated.
Of the dimensional parameters (2.3.1 - 4),the first two need
to be s e l e c t e d  v e r y  e a r l y  in the d e s i g n  p r o c e s s  since they 
are r e q u i r e d  at the outs e t  and at e v e r y  s u b s e q u e n t  s t a g e  of 
the design. The f o l l o w e r  r o l l e r  r a d i u s  (and hence the peak 
follower loading) is applied later in the design to check the
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d e s i g n  c o n s t r a i n t s  m e n t i o n e d  in 2 ,3.1.3 & 2.3.1.5 below. The 
cam width,along with the prime circle radius (less the r o l l e r  
r a d i u s ) ,c o n t r i b u t e s  s i g n i f i c a n t l y  to the c a m  v o l u m e .  
A c c o r d i n g l y ,this p a r a m e t e r  c o n s t r a i n s  the d e s i g n  in t h a t  
r e s p e c t  t h r o u g h  a s p e c i f i c a t i o n  of a v a l u e  for it in the 
final stages,when both the prime circle and roller radii w i l l  
have been finally agreed.
The c h o i c e  of f o l l o w e r  o f f s e t  and c o r r e s p o n d i n g  p r i m e  
c i r c l e  r a d i u s  has to be m a d e  w i t h  the f o l l o w i n g  d e s i g n  
constraints in mind:
2 .3 . 1 . 1  the following system dynamics
2 .3 * 1 . 2  the pressure angle (eO
2.3.1.3the r a d i u s  of c u r v a t u r e  of the cam p r o f i l e
2 .3 .1.4 the loading on the cam throughout its motion (i.e. 
one complete rotation of the cam shaft)
2 .3 .1. 5 the contact stress at the cam/follower interface "
2 .3 . 1 . 6  the cam shaft diameter
The first of the a b o v e  c o n s t r a i n t s ,the f o l l o w i n g  s y s t e m  
d y n a m i c s , is of significance only when the f o l l o w i n g  s y s t e m  is 
c o n s i d e r e d  to be c o m p l i a n t .  In that case,its d e f l e c t i o n  
c a n n o t  be o v e r l o o k e d .  S i n c e  s uch d e f l e c t i o n  r e s u l t s  in 
u n a v o i d a b l e  v i b r a t i o n ,the n o m i n a l  cam laws (those u s e d  in 
this investigation and which have been derived k i n e m a t i c a l l y  
[1 0 ]) cannot describe adequately the output motion,which w i l l  
not be the same at b o t h 'ends of the following system [25]. To
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provide an accurate definition of the dynamic performance of 
the cam m e c h a n i s m  in this i n v e s t i ga t i on , t h e d i m e n s i o n l e s s  
p e r i o d  ratio, n, is introduced ([3 6 ] [1 0 ]),
The period ratio is defined as the ratio of the period of the 
motion segment to the period of fundamental vibra ti on of the
f o l l o w i n g  s y s t e m  [ 1 0 ],and is given by:
i5*wn
n = ------ (2 .6 )
360 *w
Low values of period ratio (n <= 5) imply a compliant f o l l o ­
wing system in rapid motion. Medium values (n t* 10) indicate 
a fairly stiff f o l l o w i n g  system operating at moderate speeds. 
Hig h  v a l u e s  (n > 2 0 ) i m p l y  a stiff f o l l o w i n g  s y s t e m  w i t h  
accelerations approaching . the nominal ones defined by the cam 
l a w s .
In this i n v e s t i g a t i o n ,p e r i o d  ratios in e x c e s s  of 20 are 
assumed. U s i n g  this a s s u m p t i o n , t h e  dynamic- r e s p o n s e  of the 
f o l l o w i n g  s y s t e m  is n e g l e c t e d  in the d e t e r m i n a t i o n  of the
m o t i o n  f u n c t i o n s  (in p a r t i c u l a r , t h e  a c c e l e r a t i o n  r e s p o n s e
c u r v e s )  [10]. H e nce the use in this i n v e s t i g a t i o n  of the 
k i n e m a t i c a l l y - d e t e r m i n e d  m o t i o n  functions. L i g h t w e i g h t  and 
stiff following systems with such high natural frequencies as 
i m p l i e d  by a high p e r i o d  ratio can,in f a c t , b e  d e s i g n e d
2-8
following certain rules [25],
The ca m s h a f t  d i a m e t e r  finds i m p l e m e n t a t i o n  as a d e s i g n  
c o n s t r a i n t  t h r o u g h  the use of a cam that is l a r g e  e n o u g h  to 
a c c o m m o d a t e  its shaft. And that m e ans that the m a t h e m a t i c a l  
m i n i m u m  p r i m e  c i r c l e  radi u s  is not n e c e s s a r i l y  the most 
f e a s i b l e  ( i , e .,s m a 1 1 est p r a c t i c a l )  o p t i o n  g i v e n  the shaft 
specification.
It is thus c l e a r  that the cam shaft d i a m e t e r  c o n s t r a i n t  
suggests an infinite number of feasible solutions for the cam 
size since any p r i m e  c i r c l e  r a d i u s  that is e i t h e r  equal to or 
g r eater than the m a t h e m a t i c a l  m i n i m u m , w o u l d  do. H o w ever, 
r e s t r a i n t  on the cam size is d e s i r a b l e  for the-'following 
reasons [371:
2 .3 .2 . 1  to save space
2 .3 .2 . 2 to r e d u c e  the mass of the cam and so d e c r e a s e  the-
effects of inertia at high speeds
2 .3 .2 . 3 to minimise the effect of dynamic unbalance at high
speeds
2 .3 .2 .4 to ease m a n u f a c t u r e ,provided the cam is not so small
that manufacturing forces become a cause of serious
error
2 .3 .2. 5 to minimise r o l l e r  speed and angular acceleration (
and hence maximise its load-carrying capacity)
Therefore,a range of values of prime circle radii incorpora­
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t i n g  t he m a t h e m a t i c a l  m i n i m u m  suc h  va 1 u e ,n e e d s  to be 
e s t a b l i s h e d .
A c c o r d i n g 1 y ,the p r i m a r y  o b j e c t i v e  in this c h a p t e r  is the 
e s t a b l i s h m e n t  of s u c h  a s e r i e s  of v a l u e s  w i t h  thei-r 
corresponding offset values.
A l i m i t  on the m a x i m u m  p r e s s u r e  a n g l e  is t h e  d e s i g n  
c o n s t r a i n t  used,and the r e s u l t s , i n  d i m e n s i o n l e s s  f o r m , a r e  
presented in graphical as w e l l  as tabular format to capture 
the following merits (for graphical presentation) h i g h l ighted 
by Druce and Clifton [?]:
2.3.3.1 Compactness
2 .3.3.2 Vivid i l l u s t r a t i o n  of the relative rates of change
of the parameters
2.3.3.3 Possibility of superimposition of data from differ­
ent input specifications on the same set of axes.
The other design c o n s t r a i n t s  (2.3.1.3 - 5) are a p p l i e d  in 
the following chapters.
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2.4 THE CASE FOR LIMITING THE PRESSURE ANGLE
W hen the f o l l o w e r  s t e m  is r i g i d ,the c l e a r a n c e  between the 
s tem and its g u i d e s  (BACKLASH) is s m a l l , a n d  the c o e f f i c i e n t  
of guide f r i c t i o n  is low,the t h e o r e t i c a l  m a x i m u m  p r e s s u r e  
a n g l e  a c h i e v a b l e  in the cam m e c h a n i s m  b e f o r e  the f o l l o w e r  
locks in its g u i d e s , c a n  exceed c o n s i d e r a b l y  the e m p i r i c a l  
maximum of 30° [37]. This condition of the follower not being 
a b l e  to p e r f o r m  m o t i o n  b e c a u s e  of a h i g h  p r e s s u r e  
angle,defeats its purpose of uninterrupted motion and is thus 
unde s i r a b l e .
W hen the f o l l o w e r  is s u b j e c t e d  to l o a d i n g  in the g e n e r a l  
direction of its motion,the resultant load on it is transmi­
t t e d  to t h e  c a m  at t h e i r  c o n t a c t  p o i n t  ( F i g . 2,2a). T h e  
reaction force provided by the cam,which is responsible for 
the subsequent follower motion,acts along the common normal 
to the cam profile and the follower r o l l e r  at their point- of 
contact. Ideally,this reaction force should always be in the 
same d i r e c t i o n  as the m o t i o n  it p r o duces. H o w e v e r , b y  its 
n a t u r e , t h e  cam m e c h a n i s m  cannot a c h i e v e  this ideal for a l l  
positions during its action. As a result,the propelling reac­
tion force (or c o n t a c t  force) acts at an a n g u l a r  d e v i a t i o n  
equal to the pressure angle,at, from the direction of follower 
m o t i o n .
Without considering the geometry of the follower,the contact 
force has the f o l l o w i n g  e q u a t i o n  (see F i g . 2,2b) for a disc
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/cam with translating r o l l e r  follower:
F c = L / C o s g  (2.7)
where L is the resultant follower load in the direction of 
the follower motion.
As well as the contact force,the follower stem experiences a 
side thrust given by:
P = L tang.' (2.8)
W hen the p r e s s u r e  a n g 1 e , g, i n c r e a s e s ,e q u a t i o n s  2.7 and 2.8 
s h o w  a c o r r e s p o n d i n g  i n c r e a s e  in both the c o n t a c t  force and 
the side thrust on the f o l l o w e r .  If the r e s u l t a n t  f o l l o w e r  
load,L,is l a r g e , b o t h  the c o n t a c t  force and the side thrust 
are again seen to be h i g h l y  m a g n i f i e d  e v e n  for a s m a l l  
increase in the pressure angle. Thus,well before the theore­
tical maximum pressure angle is reached (with a large r e s u l ­
tant load),the m a g n i f i e d  side thrust at a r e l a t i v e l y  s m a l l  
pressure angle w i l l  produce such a high bending moment on the 
f o l l o w e r  stem a b o u t  e i t h e r  one of the l o w e r  c o r n e r s  of the 
guides (see F i g . 2.2a & b), as to lock the f o l l o w e r  in its 
guides in the ris e  motion.
If the resultant load,L,is small,on the other hand,then it 
w i l l  take a h i g h e r  p r e s s u r e  a n g l e  t h a n  f o r  t h e  c a s e  
highlighted above to lead to this fol l o w e r - l o c k i n g  effect. In
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e i t h e r  c a s e , t h e r e  is a need to c o n t r o l  the m a g n i t u d e  of the
p r e s s u r e  a n g l e , i n  order that s m o o t h  f o l l o w e r  m o t i o n  is not
h a m p e r e d .
T h e r e f o r e , d e p e n d i n g  on t h e  l o a d i n g  c o n d i t i o n  of t h e  
f o l l o w e r , t h e  d e s i g n e r  is at l i b e r t y  to s p e cify a l i m i t i n g  
v a l u e  short of the t h e o r e t i c a l  m a x i m u m , t h a t  the p r e s s u r e  
angle should not exceed.
N e v e r t h e l e s s , s i n c e  the c l a s s i c  w ork by R o t h b a r t  [ 3 7 ] , cam 
d e s i g n e r s  h a v e , i n  p r a c t i c e ,g e n e r a  1 1 y l i m i t e d  the m a x i m u m  
a l l o w a b l e  p r e s s u r e  a n g l e  ( e m p i r i c a l  m a x imum) to 30°. T h i s  
m e ans that the m a x i m u m  a l l o w a b l e  side t h r u s t  s h o u l d  be at 
most 5Q% of the resultant follower load.
As R o t h b a r t  [37] and Chen [4] s h o w  both a n a l y t i c a l l y  a n d
g r a p h i c a 1 l y ,the locking (or ja m min g)  of the follower in its
guides during the rise motion segment,does not happen during 
the r e t u r n  motion segment. C o n s e q u e n t l y ,pressure angle need 
not be c o n t r o l l e d  in the latter motion segment from the point 
of view of jamming.
H o w e v e r , R o t h b a r t  "....has seen m a c h i n e  i n s t a l l a t i o n s  in 
w h i c h  the f o l l o w e r  had d r i v e n  the cam d u r i n g  the f a l l  
m o t i o n ....The s p r i n g  force a c t i n g  on an e x c e s s i v e  p r e s s u r e  
a n g l e  of fa 1 1  , p r o d u c e d  d e t r i m e n t a l  shock and f l u c t u a t i n g  
action in absorbing the backlash in the system". Such action
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leads to short life of both the cam and follower roller,since 
n o i s e , v i b r a t i o n , a n d  w e a r  on b o t h  c o m p o n e n t s ,  a r e  t he 
u navoidable consequences.
As good design implies long life as well as meaning good in- 
service performance,it is arguable that pressure angle ought 
to be c o n t r o l l e d  in the r e t u r n  m o t i o n  as w e l l  as the rise. It 
s h o u l d , h o w e v e r , b e  a d d e d  that in the e v ent of the f o l l o w e r  
b e i n g  l i g h t l y  l o a d e d , i t  may not be n e c e s s a r y  to c o n t r o l  
pressure angle in the return motion:a 1 ight1 y - 1 oaded f o l l o w e r 
is not l i k e l y  to d r i v e  the cam.
2.5 PRESSURE ANGLE VARIATION WITH CAM GEOMETRY
The p r e s s u r e  a n g l e  e q u a t i o n  (2.1) is r e p r o d u c e d  h e r e  and 
s l i ghtly expanded for the present and subsequent sections.
( A W' - E )  [ ( A W * / H )  -  ( E / H ) ]
tanat = ----------  .------ = f (U,$ , E/H , Ra/H) (2.9)
y m t<ym o /H) + w]
N o t e  t h a t  y m0= E ^ P ^
T h e  b o u n d a r y  c o n d i t i o n s  in T a b l e  1.2. ( C h a p t e r  1) a r e  
e f f e c t i v e  for the p r e s e n t  a nd s u b s e q u e n t  s e c t i o n s .
The f o l l o w i n g  is a d i s c u s s i o n  of p r e s s u r e  a n g l e  v a r i a t i o n
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wit h  d i m e n s i o n l e s s  f o l l o w e r  o f f s e t ,E / H ,for a g i v e n  cam 
law,segment angle,S (equal rise and return),and dimensionless 
prime circle radius,Ra/H. There are three cases to consider:
* Negative o f f s e t s ,(E/H)n
* Zero offset
* Positive o f f s e t s ,(E/H)p
2,5.1 NEGATIVE 0 F F S E T S , ( E / H ) n
Curve 1 in Figure 2.3a applies to negative o f f s e t s ,where it 
can be seen that d u r i n g  bot h  the rise and the o u t e r  d w e l l , t h e  
pressure angle is positive. In the return mot i o n ,the pressure 
a n g l e  is i n i t i a l l y  p o s i t i v e , g r a d u a l l y  b e c o m i n g  negative. 
B e f o r e  the r e t u r n  m o t i o n  is c o m p l 6 ted,the p r e s s u r e  a n g l e  
a g a i n  becomes p o s i t i v e , a n d  re m a i n s  p o s i t i v e  r i ght into the 
in ner dwell. The c h a n g e  of sign in the r e t u r n  occurs at 
(E/H)n = (AW’/H), w h e r e  the p r e s s u r e  a n g l e  is z e ro,as can be 
seen from equation 2. 9
Observation of Fig.2.3a reveals,as can be shown from equation
2 .9 ,that :
the worst p r e s s u r e  a n g l e s  (i.e.those that are l i k e l y  to 
e x c e e d  c o n s i d e r a b l y  the l i m i t i n g  value) in the e n t i r e  cam 
action occur in the rise motion segment.
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Normalised cam rotalion,U 
Fig 2.3a Pressure angle vs Normalised input 
Curve I • F/H - -0.5 ; Ra/H = 3.7223
Curve 2 ; F/H -- 0.0 ; Ra/H = 3.7223
Curve 3 • F/H = 0.5 ; Ra/H 3.7223
Note: for each segment,0 <= U <= 1
XI01
Normalised cam rotation,U 
Fig 2.3b Pressure angle vs Normalised input 
Curve I : F/H = -0.5 ; Ra/H = 3.7223
Curve 2 : F/H * 0.0 ; Ra/H - 2.7838
Curve 3 : F/H = 0^5 ; Ra/H = 2.0241
Note: for each segment,0 <= U <= 1
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2.5.2 ZERO OFFSET
C u r v e  2 ( F i g . 2 . 3a) a p p l i e s  to t h e  z e r o  o f f s e t  
s i t u a t i o n ,w h ere the p r e s s u r e  a n g l e  t h r o u g h o u t  the rise is 
p o s i t i v e j i t  is n e g a t i v e  t h r o u g h o u t  the r e t u r n , a n d  zero 
throughout both the outer and inner dwells.
Scrutiny of the figure r e v e a 1 s ,as can be shown from equation 
2 . 9 ,t h a t :
the return motion pressure angle curve is the mirror image 
of the rise.
2.5.3 P O S I T I V E  O F F S E T S ,(E/H)
C u r v e  3 a p p l i e s  to p o s i t i v e  offsets. D u r i n g  the i n i t i a l  
s t ages of the r i s e , t h e  p r e s s u r e  a n gle is n e g a t i v e .  T h e n  it 
becomes positive until the end of the rise is a p p r o a c h e d ,when 
it c h anges to n e g a t i v e  again. It m a i n t a i n s  a n e g a t i v e  sign 
throughout the outer dwell,the return and the inner dwell.
The change of sign in the rise occurs at (E/H)p= (AW'/H),
where the pressure angle is zero,as can be seen from equation
2.9.
O b s e r v a t i o n  of the f i g u r e  r e v e a l s , a s  can be shown from 
equation 2 .9 ,that:
the worst pressure angle values in the entire cam action
2-18
occur in the return motion segment.
Observation of a l l  three curves discussed above reveals,as 
can be shown from eqn.2 .9 , t h a t :
2.5.3.1 the maximum pressure angle in the rise motion occurs
before mid-stroke (U = 0,5).
2 .5 .3 . 2 the m a x i m u m  p r e s s u r e  a n g l e  in the r e t u r n  m o tion
occurs after mid-stroke.
In Fig. 2 . 3b ,w h e r e  the d i m e n s i o n l e s s  p r ime c i r c l e  radii are 
the m i n i m u m  c o r r e s p o n d i n g  to the r e s p e c t i v e  d i m e n s i o n l e s s  
follower offsets,the trend is seen to be the same as for the 
equal prime circle radii situation highlighted above.
2.5.4 PRESSURE ANGLE VARIATION WITH PRIME CIRCLE RADIUS
For a g i v e n  cam l a w , s e g m e n t  angle, <E, and d i m e n s i o n l e s s  
offset,E/H, equation 2.9 shows that,provided the prime circle 
radius is not e i t h e r  e q u a l  to or less tha n  the o f f s e t , t h e  
pressure angle is i n v ersely proportional to the prime circle 
radius. Chen [4] p r o v i d e s  a very i n t e r e s t i n g  m a t h e m a t i c a l  
validation of this fact.
In the e v e n t  of the p r ime c i r c l e  radius b e i n g  e i t h e r  equal 
to or less than the of f s e t , equat ion 2 . 9  s h o w s  that the
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tangent of p r e s s u r e  a n g l e  is e i t h e r  i n f i n i t e  at the inner 
dwell (for prime circle radius equal to f o l l o w e r  offset),or 
has a complex v a lue in every motion segment (for prime circle 
radius less than f o l lower offset),situations which should not 
be a l l o w e d  to o b t a i n  in the e n tire cam action. In fact,the 
l a t t e r  s i t u a t i o n ,i . e . p r i m e  c i r c l e  r a d i u s  l e s s  t h a n  
o f f s e t , m e a n s  that t h e r e  is no c o n t a c t  b e t w e e n  the cam and 
fo l l o w e r !  The i n v e r s e  p r o p o r t i o n a l i t y  r e l a t i o n s h i p  breaks 
down when either of these situations arises.
2.6 OPTIMIZING CAM SIZE
2.6.1 DISCUSSION OF METHOD
2.6.1.1 I N T R O D U C T O R Y  NOTES
The d e s i g n  c o n s t r a i n t  used here is the l i m i t i n g  p r e s s u r e  
angle. There are three possible ways in which this constraint 
can be brought to bear on the design:
2.6.1.1.1 Making the constraint effective in the rise motion
only .
2.6 .1.1.2 M a k i n g  the c o n s t r a i n t  e f f e c t i v e  in the r e t u r n
motion only.
2.6 .1.1.3 M a k i n g  the c o n s t r a i n t  e f f e c t i v e  in both the rise
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and return motions.
It is h i g h l y  u n l i k e l y  for d e s i g n e r s  to c o n t r o l  p r e s s u r e  
a n g l e  in the r e t u r n  m o t i o n  o n l y  (for the e q u a l  r i s e  and 
r e t u r n  s e g m e n t  a n g l e  s i t u a t i o n  a s s u m e d  in t h i s  
i n v e s t i g a t i o n ) .  This is b e c a u s e  apart from p r e v e n t i n g  
fo l l o w e r  over-running,such an action really serves no useful 
p u r p o s e :there exis t s  no ris k  of the f o l l o w e r  j a m m i n g  in its 
guides. As a r e s u 1 1 , 2 . 6 .1 .1.2 is not c o n s i d e r e d  in this 
investigation. (Follower over-running reverses the roles of 
the cam and f o 1 l o w e r ,making the follower the driver and the 
cam the driven member.)
It is p o s s i b l e  to e s t a b l i s h  a s i n g l e  pair of v a l u e s  of 
dimensionless follower offset and dimensionless prime circle 
r a d i u s  that e n s u r e s  c o n t r o l  of p r e s s u r e  a n g l e  in the rise 
m o t i o n  o n l y , s u c h  that the cam size is the m a t h e m a t i c a l  
minimum [15]. However,in the optimization process discussed 
in this chapter,given a set of input specifications,namely:
* Cam law
* Cam angle of rotation for rise/return motion segment
* Limiting pressure angle (e£l r or
not one, but a s e r i e s  of p a irs of d i m e n s i o n l e s s  f o l l o w e r  
o f f s e t  a n d  d i m e n s i o n l e s s  p r i m e  c i r c l e  r a d i u s  is 
e s t a b l i s h e d ,any one of which the designer may employ. And in
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this series is f o u n d  the pair c o m p r i s i n g  the m a t h e m a t i c a l  
m i n i m u m  d i m e n s i o n l e s s  c a m  s i z e  and it s  c o r r e s p o n d i n g  
dimensionless f o l l o w e r  offset.
There are a number of reasons for establishing more than one 
pair of these g e o m e t r i c  parameters. F i r s t l y , b y  p r o v i d i n g  a 
r a n g e  of v a l u e s , i t  b e c o m e s  p o s s i b l e  to s y n c h r o n i s e  the 
minimum pressure angle with the maximum resultant follo w e r  
load,thereby optimising for the cam/follower load carrying 
capacity. Optimising for cam/follower load carrying capacity 
is, in fact,a f a v o u r i t e  s t a r t i n g  point for one h i g h l y  r a t e d  
source [1 1 ].
Secondly,as the design progresses,the need to satisfy other 
vital constraints,such as the minimum cam cur v a t u r e  to avoid 
profile or cutter interference (discussed in Chapter 4),may 
necessitate the use of a cam size other than the mathematical 
minimum, which m i n i m u m  is a r r i v e d  at from p r e s s u r e  a n g l e  
considerations only.
T h i r d l y ,minimum f o l l o w e r  chatter may be a vital objective. 
W h e n  this fact o r  is t a ken into acco u n t , a s  s h o w n  in the 
analysis by Fenton [16] (see 2.6.1.2,1 ), the final cam size is 
certainly not the mathematical minimum.
S h o u l d  any of the a b o v e  c o n s i d e r a t i o n s  i n f l u e n c e  the 
design,it is clear that a ready selection of a l t e r n a t i v e  cam 
sizes offers a great advantage.
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2.6 .1.2 O P T I M I Z A T I O N  BASED ON P R E S S U R E  A N G L E  C O N T R O L  IN THE
RISE ONLY
Equation 2.9 shows the pressure angle as a function of:
* Normalised cam rotation,U
* Cam angle of rotation (Segment angle), 3>
* Dimensionless follower offset,E/H
* Dimensionless prime circle radius,Ra/H
The f o l l o w i n g  are f u n d a m e n t a l  i n p u t  p a r a m e t e r s  at the 
beginning of the design process:
* the cam angle of r o tat i on, <6^, f or each motion segment.
* the cam law (assumed continuous for the entire cam action)
* the limiting pressure angle for the rise only, * 1  r ,or for 
both the rise and return,#ir f.
* the rotational speed,w,of the cam (assumed constant).
As the cam r o t a t e s , a l l  the o u t p u t  m o t i o n  f u n c t i o n s ,w h i c h  
depend s o l e l y  on the normalised rotation,are automatically 
established. Thus,the only unknowns in equation 2.9 are:
* dimensionless follower offset,E/H
* dimensionless prime circle radius,Ra/H
* pressure angle,el
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The optimization centres around these parameters as can be 
see n  from Fig.2.4,in w h i c h  the i n i t i a l  n u m e r i c a l  cam size 
o p t i m i z a t i o n  a l g o r i t h m  ( o u t l i n i n g  the s e q u e n c e  of the 
o p t i m i z a t i o n  p r o c e s s  as a p p l i e d  to the rise m o t i o n  s e g m e n t  
o n l y )  is presented. The d e t a i l e d  o p t i m i z a t i o n  a l g o r i t h m  is 
presented in appendix A1.
T he f o l l o w i n g  takes a c l o s e r  look at some of the s t e p s  in 
the a l g o r i t h m  (Fig.2.4 & a p p e n d i x  A1) that n e e d  c l a r i f i c a ­
t i o n .  ( N o t a t i o n  u s e d  in th e  a l g o r i t h m  is e x p l a i n e d  in 
"Notation and units".)
2.6.1.2.1 ESTABLISHMENT OF TENTATIVE OFFSET AND PRIME CIRCLE 
RADIUS RANGES (-FD0SET to +FDOSET & 1 to MAXPCR)
When a compromise between the various design constraints is 
r e a c h e d  , the final cam size (as was p o i n t e d  out in 2 .6 .1.1 ) 
may w e l l  differ from the mathematical minimum, arri ved at f,rom 
pressure angle considerations only. For example,there may be 
a need to ensure m i n i m u m  p r e s s u r e  a n g l e  at the m a x i m u m  
resultant follower load. And that need may discourage the use 
of the mathematical minimum cam size [1 1 ].
A l s o , m i n i m u m  f o l l o w e r  c h a t t e r  may be desired. Wit h  t his 
o b j e c t i v e ,the final cam size,as w i l l  be s h o w n  in this 
Section,is definitely not the mathematical minimum [16],
If the mathematical minimum cam size cannot be used for any
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optimization algorithm (pressure angle control 
in rise motion only)
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of the a b o v e  r e a s o n s  (see a l s o  2 ,6 .1.1 ),and g i v e n  tha t  the 
design should aim at the smallest practical cam (see 2 .3 .2.1 
- 5 ),then there should be an upper bound beyond which the cam 
size should be considered unnecessarily large.
To e s t a b l i s h  an a c c e p t a b l e  range for the c a m  s i z e , i t  is 
first necessary to discuss a graphical technique d e v e l o p e d  by 
H i r s c h h o r n  [ 1 9],by w h i c h  the p r e s s u r e  a n g l e  t h r o u g h o u t  the 
cam a c t i o n  can be m e a s u r e d  ( i n c l u d i n g  the m a x i m u m  such 
value),and the minimum cam size determined.
U s i n g  eqns.1,3 & 1.7 in eqn.2.9,the f o l l o w i n g  f o r m  of the 
pressure angle equation (used in this graphical technique), is 
o b t a i n e d :
[(Vc/H) - (E/H)] 
t a n g  = ---------------------------------------  (2 . 1 0 )
t ( y mo ) +
As shown in Fig.2.5,the converted follower velocity,Vc, is 
plotted against follower d i s p 1 acement,y , f rora the inner d w ell 
p o s i tion, D. The y - a x i s  is p a r a l l e l  to the lin e  of f o l l o w e r  
m o t i o n ,P D ,and p a sses t h r o u g h  the cam centre of r o t a t i o n , 0 . 
The Vc-axis is perpendicular to the line of f o l l o w e r  motion 
and passes t h r ough the i n n e r  dwel l .  The o r i g i n  of this axis 
s y s t e m  is at O ’,at w h i c h  y = W = Vc = W 1 = U = 0,
G i v e n  a p o s i t i v e  o f f s e t ,E p ,the line drawn from P to any
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g i v e n  point on the Vc vs y c u r v e  (such as A) w i l l  m a k e  an
a n g l e  wit h re sp ect to the line of f o l l o w e r  m o t i o n , e q u a l  to
the appropriate pressure an gle,#a . The tangent from P to the
r i s e  p o r t i o n  of the Vc vs y c u r v e  thus g i v e s  the m a x i m u m
pressure angle,fi(r ,in the rise motion for the gi ven offset.
8
p i  g  J U S  CONVERTED FOLLOW ER V E L O C IT Y  v *  FG uLO U C fl D ISPLA C EM E N T 
(H IR S C U H O B N 'S  h E W O ff)
Con v e r s e l y ,given a limiting pressure angle,flC^r (a ppl icable to 
the rise motion only),the tangent drawn to the Vc vs y cur ve 
at the specified limiting pressure angle,will intersect the 
line of follower motion at P,thereby locating the position of 
t he cam ce nt re of r o t a t i o n , 0. The d i a g o n a l  OD g i v e s  the 
required minimum prime ci rc le radius.
The above e x p l a n a t i o n ,though given with respect to a p o s i ­
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tive offset v a 1 u e ,a p p 1 ies equally to negative offsets (En). 
Let us now focus a t t e n t i o n  on eqn.2.10 and F i g s . 2,6' & 2.7,in 
an effort to e s t a b l i s h  the n e c e s s a r y  t e n t a t i v e  o f f s e t  and 
prime circle radius ranges.
As Fenton [16] a c c u r a t e l y  rationalises ,when the follower is 
in motion (rise or r e t u r n ) , t h e  n u m erator of e q u a t i o n  2 . 1 0  
d e t e r m i n e s  t he s i g n  of the p r e s s u r e  a n g l e  s i n c e  the 
d e n o m i n a t o r , b e i n g  the d i s p l a c e m e n t  from the cam c e ntre of 
r o t a t i o n , 0 (Fig.2.6 ),is always positive.
If the o f f s e t  v a l u e  l i e s  b e t w e e n  V c m a x  a n d  V c m i n  
(Fig.2.6 ), then the pressure angle will change sign in either 
the r ise or r e t u r n  m o t i o n  (see a l s o  2 .5 . 1  to 2 .5 .3 ). 
C o n s e q u e n 1 1 y , t h e s i d e  t h r u s t  on the f o l l o w e r  stem w i l l  
re v e r s e ,causing the stem to traverse the backlash between it 
and its guides (see F i g . 2.7). The r e s u l t i n g  i m p a c t  with the 
guide walls causes noise and vibration.
(Note from eqn.1.7 that:
V c m a x :  1 8 0 * H * W ’raax/(PI*i&) (2.11)
V c m i n = 1 8 0 * H « W ’min/(PI*S) (2.12))
If,on the other hand,the offset value is equal to or exceeds 
either Vcmax or V c m i n , t h e n  the pressure a n g l e  m a i n t a i n s  a 
s i n g l e  sign t h r o u g h o u t  the rise and r e t u r n  m o t i o n s , b u t  the 
p r ime c i r c l e  r a d i u s  b e c o m e s  unnecessarily l a r g e  (refer to
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a b o v e  m e t h o d  of cam siz e  d e t e r m i n a t i o n  by H i r s c h h o r n ' s  
graphical technique).
C o n s e q u e n t l y ,the fo l l o w e r  offset should always lie between 
Vemin and Vcmax. In p a r t i c u l a r ,to eliminate follower chatter 
(should this be an o b j e c t i v e ),the offset should be made equal 
to either Vemin or Vcmax,whiehever leads to the s m a l l e r  cam 
size (for unequal rise and return motion segment angles). For 
e q u a l  rise and r e t u r n  m o t i o n  s e g m e n t  a n g l e s , t h e  c h o i c e  of 
Vemin or Vcmax for the offset should really depend on whether 
lower values of pressure angle are desired in the return or 
rise,respectively,since the cam size for either choice is the 
same (see Fig.2.6 ).
On the b.asis of the f o r e g o i n g , t h e  t e n t a t i v e  d i m e n s i o n l e s s  
f o l lower offset range is established as (see Fig.2,6 ):
Vcmin/H <= (E/H) < = Vcraax/H (2.13)
Si n c e  o n l y  one s e g m e n t  a n g l e  can be used in the a l g o r i t h m  at 
any one time,this angle is regarded as applicable to both the 
rise and return motions,so that Vemin = - Vcmax.
Thus,FDOSET = (Vcmax/H) = (-Vcmin/H),is the upper bound for 
the tentative dimensionless follo w e r  offset;the lower bound 
is -FDOSET.
Should different angles exist for the rise and return (this
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is s t r i c t l y  not c a t e r e d  for in this i n v e s t i g a t i o n ) , i t  is 
n e c e s s a r y  for the d e s i g n e r  to run t h r o u g h  the a l g o r i t h m  
t w i c e .
For a g i v e n  c a m  l a w , F D O S E T  d e p ends o n l y  on the s e g m e n t  
a n g l e , S E G A N G ( M 1 )  (see a p p e n d i x  A1). C o n s e q u e n t l y , t h e  array 
size for the d i m e n s i o n l e s s  offsets d e p e n d s  o n l y  on the
s e g m e n t  angle. S i n c e  the array size has to be f i nite and
l i m i t e d  if the c o m p u t e r ’s v i r t u a l  m e m o r y  is not to be
exhausted,presetting that array size at 4500 array .elements 
(maximum i f , w h e n  c o m b i n e d  with the o t h e r  a r r a y s  in the
prograrri,their combined memory requirement is not to lead to a 
"program too large" error message at compilation) meant that 
the lowest segment angle acceptable had to be 15°.
At Vcmax,the corresponding prime circle radius,Ra,is given 
by (see Fig.2.6 ):
Ra = Vcmax/sine(r (2.14)
where a[r , the i n n e r  d w e l l  pressure a n g l e , i s  the m a x i m u m  
a c h i e v a b l e  in the rise motion c o r r e s p o n d i n g  to an offset 
equal to Vcmax. If this maximum pressure angle is made equal 
to the limiting value for the r ise, e£l r , equation 2.14 becomes:
Ra = Vcmax/sino^p (2,15)
2 - 3 2
Thus, the tentative dimensionless prime circle radius upper 
bound is established as MAXPCR = Ra/H = (Vcmax/Hj/sing^r*
The lower bound is e m p i r i c a l l y  chosen as 1,as lower v a lues 
than this h a v e  been o b s e r v e d  by the author to l e a d  to 
c o m p u t e d  d i m e n s i o n l e s s  p r i m e  c i r c l e  radii g i v i n g  r ise to 
pressure angles exceeding considerably the limiting value.
Thus :
1 <= (Ra/H)z <= Vcraax/sine£-^r (2.16)
where (Ra/H)z denotes tentative dimensionless prime circle  
r a d i u s .
N o t e  that M A X P C R  d e p e n d s  on F D O S E T  & PRERAD (see a p p e n d i x  
A1). W h e n  F D O S E T  is s e t  by a g i v e n  S E G A N G ( M 1 )  (se e  
a b o v e ),P R E R A D  r e m ains the o n l y  i n d e p e n d e n t  v a r i a b l e  in the 
M A X P C R  equation. S e t t i n g  the l o w e r  bound for the l i m i t i n g  
p r e s s u r e  a n g l e  at 15°,as has b een done in the a l g o r i t h m  
(appendix A1),prevents an already preset dimensionless prime 
c i r c l e  radius array size b e i n g  e x h a u s t e d  before M A X P C R  is 
reached.
W i t h  the f o r e g o i n g  e s t a b l i s h e d  b o u n d s  (for b o t h  t h e  
tentative offset and prime circle radius),the resulting pairs 
of a c t u a l  o f f s e t  and p r ime c i r c l e  radius o b t a i n e d  from the 
o p t i m i z a t i o n  p r o c e s s  s a t i s f y  the p r e s s u r e  a n g l e  c o n s t r a i n t
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(in the rise motion only) to within +256,i.e.:
®^ r " ®^lr
----------  * 100 < 2  (2.17)
*lr
where # r and ai^r are,respectively,the actual maximum and the 
l i m i t i n g  p r e s s u r e  a n g l e s  with respect to the rise m o t i o n  
s e gme n t .
D e p e n d i n g  on t h e  s i z e  of n o r m a l i s e d  earn r o t a t i o n  
i n c r e m e n t ,D E L T A U , u s e d  in the a l g o r i t h m , t h e  a c t u a l  m a x i m u m  
p r e s s u r e  a n g l e  in the rise motion nee d  not e x c e e d  the 
limiting value. The finer DELTAU is the more accurately the 
limiting pressure angle constraint is satisfied.
H o w e v e r  s m a l l  D E L T A U , t h o u g h , ( a n d  there is a l i m i t  on its 
s i z e  as w i l l  be s h o w n  s h o r t l y )  the a c t u a l  m a x i m u m  p r e s s u r e  
angle may still exceed the limiting value even if minutely.
The source of the e r r o r  in this case lies in the fact that 
comparison of expressions involving real v a r i ables and real 
arithmetic in logical IF or block IF statements (in FORTRAN77 
programming), is u n l i k e l y  to produce entirely accurate results 
[29], Many such comparisons occur in the optimization program 
as is e v i d e n t  f r o m  t he a l g o r i t h m .  In p a r t i c u 1 a r ,a ny  
inaccuracy of comparison of the computed pressure angle and
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the d e s i r e d  l i m i t i n g  v a l u e , a t  the inner d w e l l  (U = 0 ,see 
Fig.2.4),from where an acceptable dimensionless offset v a lue  
is u s e d  in the s u b s e q u e n t  r a a x i m u m - p r e s s u r e - a n g 1 e - 1 o c a t i o n  
i t eration,wil 1 cause an error in the final computation of the 
actual dimensionless prime circle radius.
2.6.1.2.2 NORMALISED CAM ROTATION & DIMENSIONLESS OFFSET 
INCREMENTS (DELTAU & DELTAE)
The value of normalised cam rotation always varies from 0 to 
1 for e v e r y  m o t i o n  segment. The finer the i n c r e m e n t a l  
step,DELTAU, through this range,the more accurately the point 
of o c c u r e n c e  of the m a x i m u m  p r e s s u r e  a n g l e  in the m o t i o n  
segment is determined. Hence,the more reliable the computed 
v a l u e s  of a c t u a l  d i m e n s i o n l e s s  p r i m e  c i r c l e  r a d i u s .  
H o w e v e r ,since the i n d i v i d u a l  v a l u e s  of n o r m a l i s e d  cam 
r o t a t i o n  are s t o r e d  in an a r r a y  the size of w h i c h  has b e e n  
pr e d e t e r m i n e d ,a lower bound is introduced for the increment 
below which the array subscripts will go out of bounds while  
the optimization is still going on. This lower bound v a l u e  is 
0 .0 0 1 .
The increment of dimensionless follower o f fset,D E L T A E ,on the 
o t h e r  h a n d , n e e d  not be too s m a l l , a s  such a s i t u a t i o n  o n l y  
leads to adjacent offset values having prime circle radii not 
s i g n i f i c a n t l y  d i f f e r e n t  f r o m  e a c h  o t h e r .  T h e  f i n a l  
d e c i s i o n ,h o w e v e r ,rests w i t h  the d e s i g n e r  but,for the same  
r e a s o n  as g i v e n  a b o v e  for the n o r m a l i s e d  cam r o t a t i o n
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i n c r e m e n t ,a l o w e r  b o u n d  of 0 . 0 0 5  has b e e n  s e t  f o r  the 
dimensionless follower offset increment.
2.6.1.2.3 DETERMINATION OF THE OPTIMUM CAM GEOMETRIC 
PARAMETERS (MPCRAD(N) & MOFSET(N)).
In the a l g o r i t h m  in F i g . 2.4,the action t a k e n  w h e n  the 
p r e s s u r e  a n g l e  at the i n n e r  d w e l l  (U = 0) is see n  to e x c e e d  
the l i m i t i n g  v a l u e , i s  to d e c r e a s e  the m a g n i t u d e  of the 
dimensionless offset,a step at a time, while maintaining the 
same tentative dimensionless prime circle radius. The result 
of each decrease,as can be seen from equation 2 . 1 0 as w e l l  as 
Fig.2.8a,is to reduce the inner dwell pressure angle,until it 
e v e n t u a l l y  equals,or f a lls below,the desired limiting value.
The s u b s e q u e n t  s e a r c h  for the location of the m a x i m u m  
p r e s s u r e  a n g l e  is then b e g u n  from the m i d - s t r o k e  (U = 0.5) 
downwards because this maximum falls nearer to the mid-stroke 
t h a n  to the inner d w e l l  (at Vc m  in Fig2.8a). The s m a l l e s t  
number of iterations is thus assured.
When the maximum pressure angle is located at Um (UM in the 
a 1 g o r i t h m ) ,the l i m i t i n g  va 1 u e , p ,is s u b s t i t u t e d  for that 
m a x i m u m  in eqn.2.9 and the e q u a t i o n  s u b s e q u e n t  l*y s o l v e d  for 
the actual dimensionless prime circle radius:
2 - 3 6
Vcttatt OCCURS ATW" US 0.5if HIO <S7«ON&
«o? fw scM T ive  o f f s e T s  a n d  p o s i t i v f  o f p s e T s  L e s s  tvm k  o p '  ( s e e  <b l )
P.3 . 2- £6
,t>J PO SITIVE O F fS F IS  C ftM t TO OR CHEATER T V *  OF*
OCTfMMJNINC MINIMUM r * I N £  C i n a t / U s i v s  
(PMESW RF ANCLE CCNTNOL IN iRlST MOTION CNl Y)
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(Ra/H)xy={[ ( l 8 0 * W m ’ / (PI*5)-(E/H)x )/taneCl r ) - W m ] 2 + (E/H )x2 } 0 * 5
M , 11° j**™ n W
f i t -  ^
X
T (E|h )
? K .
( 2 . 1 8 )
o(.U
w h e r e  ( E / H ) x , n o w  t h e  a c t u a l  d i m e n s i o n l e s s  o f f s e t  
( i.e., M O F S E T  (N ) ), was the t e n t a t i v e  d i m e n s i o n l e s s  offset in 
o p e r a t i o n  w h e n  the m a x i m u m  p r e s s u r e  a n g l e  was located. 
MPCRAD(N) = ( R a / H ) x y = c o r r e s p o n d i n g  d i m e n s i o n l e s s  prime 
circle radius (possible minimum).
E q u a t i o n  2.18 h o l d s  for a l l  n e g a t i v e  o f f s e t s ,  and for 
positive offsets less than Ep (Fig,2.8 b). At and beyond P ’ we 
h a v e :
0£1= <3(r> <*2 (2.19)
in the rise m o t i o n
where ei^the angle formed between the tangent from P ! to the 
Vc vs y curve and the line of follower motion,would otherwise 
represent the maximum pressure angle in that motion segment 
(refer to H i r s c h h o r n ' s  m e t h o d ,S e c t i o n  2.6 .1.2.1). T h u s , f r o m  
P T o u t w a r d s , t h e  m a x i m u m  p r e s s u r e  a n g l e  o c c u r s  at the inner 
dwell. The necessary actual dimensionless prime circle radius 
e q u a t i o n  for a l l  o f f s e t s  equal to,or e x c e e d i n g , O P ’(see 
Fig.2.8b ), then bec o m e s :
( R a / H ) x y = (E/H)x /sinailr (2.20)
where #lr is the limiting pressure a n g 1 e ,substituted for the
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actual maximum,and (E/H)x ,now the actual dimensionless offset 
(i.e.,MOFSET(N)),was the t e n t a t i v e  d i m e n s i o n l e s s  offset in 
o p e r a t i o n  a t  or b e y o n d  P 1. M P C R A D ( N )  = ( R a / H )  = 
c o r r e s p o n d i n g  d i m e n s i o n l e s s  p r ime c i r c l e  r a d i u s  ( p o s s i b l e  
m i n i m u m ) .
The point P* is automatically found in the algorithm from a 
c o m p a r i s o n  of e q u a t i o n s  2 . 2 0  & 2.18 for a l l  t e n t a t i v e
dimensionless positive offsets. For tentative dimensionless 
o f f s e t s  e q u a l  to,or exceeding, O P 1,the d i m e n s i o n l e s s  p r i m e  
circle radius c a l c ulated from equation 2 , 1 8 is less than that 
from equation 2 .2 0 ,and produces rise motion pressure angles 
far in e x c e s s  of the l i m i t i n g  value. At the first i n s t a n c e  of 
t h i s ,e q n . 2 . 1 8 b e c o m e s  r e d u n d a n t ,t h e  r e l e v a n t  e q u a t i o n  
h e n c e f o r t h  becoraming eqn.2 .2 0 .
2.6.1.2.4 F U N C T I O N S  & S U B R O U T I N E S
The v a r i o u s  f u n c t i o n s  and s u b r o u t i n e s  c o n t a i n e d  in the 
a l g o r i t h m  ( i. e .C A M L A W ,T Y P L A W ,M O T I O N ,T A N A F A ,and R O V E R H )  are 
expanded in separate algorithms or equations in appendix A3.
2.6.1.2.5 THE SEGMENT COUNTER (M1)
A m a x i m u m  of 5 s e g m e n t s  for t he e n t i r e  c a m  a c t i o n  is 
assumed. The r e l a t e d  s e gment a n g l e s  are s t ored in an a r ray 
whose size is preset to 5. The rise segment is one of these 5 
s e g m e n t s , b u t  s i n c e  its l o c a t i o n  in this c h ain is not yet
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kn o w n  (that i n f o r m a t i o n  is of no s i g n i f i c a n c e  at t h i s s t a g e  
of the d e s i g n ) , i t  is c o n v e n i e n t  to g i v e  it an a d d i t i o n a l  
identity. Hence the value 6 in the algorithm.
It must be n o t e d  t hat 5 is only a g e n e r a l  m a x i m u m  for the 
number of segments,and that very often (in practice) there is 
an actual maximum of 4 segments.
2 . 6 ,1.2 . 6  TREND OF ALGORITHM RESULTS
T a b l e  2. 1 s h o w s  the t r e n d  of the r e s u l t s  o b t a i n e d  from the 
o v e r a l l  o p t i m i z a t i o n  a l g o r i t h m .  R e f e r e n c e  must be made to
2.6 ,1.2.1 & 2.6 .1.2.3 as w e l l  as T a b l e  2 . 1 for the f o l l o w i n g  
discussion.
(Ra/H) | in c o l u m n  1 (Table 2.1) is the f i r s t  t e n t a t i v e  
d i m e n s i o n l e s s  p r i m e  c i r c l e  radius ( i .e . 1 ); (R a / H ) 2 is the 
s e c o n d  (i.e.2 ),etc. For each such v a l u e  s t a r t i n g  from the 
first,the entire range of tentative d i mensionless follower 
o f f s e t s  (i.e.from ( E / H ) _ 5 to (E/H ) 5 or + F D O S E T  to -FDOSET) is 
traversed (column 2). As each tentative dimensionless prime 
c i r c l e  radius ( c o l u m n  1 ) is u s e d , a l o n g  w i t h  the t e n t a t i v e  
d i m e n s i o n l e s s  f o l l o w e r  of f s e t s  ( c o l u m n  2 ),in the p r e s s u r e  
angle equation (eqn.2 .9 ),sorae of the tentative dimensionless 
offsets may be either larger than the tentative dimensionless 
pr ime c i r c l e  r a d i u s  or,in c o m b i n a t i o n  w i t h  i t , p r o d u c e  a 
higher pressure angle at the inner dwell (i.e.U = 0 ) than the
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TENTATIVE Ra/H TENTATIVE E/H ACTUAL E/H ACTUAL Ra/H
(Ra/H)-i
(Ra/H)
etc.
■(E/H) _5 (E/H ) . 2 ( R a / H ) _ 21
(E/H).4. (E/H).! (Ra/H).!!
(E/H ) _ 3 (E/H ) 0 (Ra/H)o!
(E / H ) _2 (E/H)! (Ra/H)!!
(E/H).! (E / H ) 2 (Ra/H)2 !
(E/H ) 0
(E/H)!
(e/h ) 2
(e/h ) 3
(e/h ) 4
(e/h ) 5
(E/H ) . 5 (E/H ) . 3 (Ra/H ) . 32
(e/h ) _ 4 (E/H ) . 2 (Ra/H ) . 22
(E/H ) _ 3 (E/H)_! (Ra/H ) . 12
(E/H ) . 2 ( E / H ) 0 (Ra/H ) 0 2
(E/H).! (E/H) ! (Ra/H ) ! 2
(E/H ) 0 (e/h ) 2 (Ra/H ) 22
(E/H)! (e/h ) 3 (Ra/H ) 32
(E/H ) 2
(e/h ) 3
(E/H ) 4
(e/h ) 5
eto. etc. etc.
Table 2.1 General trend of pressure angle-based 
earn size optimization process.
limiting value. These tentative dimensionless offsets will 
thus be d i s c a r d e d , l e a d i n g  to a s m a l l e r  a c c e p t a b l e  r a nge of 
values corresponding to a particular tentative dimensionless 
prime circle radius. This smaller acceptable set constitutes 
the a c t u a l  d i m e n s i o n l e s s  o f f s e t s  in c o l u m n  3. Now the 
tentative dimensionless prime circle radius is used with each 
of the actual dimensionless offsets to establish the location 
of the maximum pressure angle in the rise motion segment. At 
this location the limiting pressure angle is substituted for 
the a c t u a l  m a x i m u m  and e q u a t i o n  2.18 or 2 . 2 0  ( r efer to last 
p a r a g r a p h  of 2 .6 .1 .2 .3 ) is - t h e n  s o l v e d  f o r  t h e  a c t u a l  
d i m e n s i o n l e s s  p r i m e  c i r c l e  radius ( h a v i n g  d r o p p e d  the 
t e n t a t i v e  value). C o l u m n  4 (Actual Ra/H) c o n t a i n s  these 
dimensionless prime circle radii.
Note that for each pair of actual dimensionless offset and 
actual dimensionless prime circle radius corresponding to a 
given tentative dimensionless prime circle radius,there is 
another pair of the same actual dimensionless offset but with 
a d i f f e r e n t  a c t u a l  d i m e n s i o n l e s s  prime c i r c l e  radius, 
corresponding to the subsequent tentative dimensionless prime 
circle radius. For example (see Table 2.1 ),
Tentative Actual Actual
(Ra/H) -j ( E / H ) _ 2 (Ra/H ) _ 2 1
(Ra /H )2 ( E / H ) _ 2 (Ra/H ) - 2 2
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Below are a number of important observations from the trend 
shown in Table 2.1
The f o l l o w i n g  r e l a t i o n s h i p  g e n e r a l l y  h o l d s  for a c t u a l  
dimensionless prime circle radii (Ra/H)xy corresponding to a 
given actual dimensionless offset (E/H)v :
( R a / H ) 01 < (R a / H ) 0 2 <= ( R a / H ) 0 3 ( R a / H ) o4 (2.21)
Expressed in words,the above relationship means that:
C o r r e s p o n d i n g  to a g i v e n  a c t u a l  d i m e n s i o n l e s s  
o f f s e t , ( E / H ) v , a c t u a l  d i m e n s i o n l e s s  p r i m e  c i r c l e  
r a d i i ,( R a / H ) v 1 ,( R a / H ) v 2 ,e t c . , in g e n e r a l  rise s t e a d i l y  w i t h  
i n c r e a s e  o f  t e n t a t i v e  d i m e n s i o n l e s s  p r i m e  c i r c l e  
radius, (Ra/H)z , until they con verge  upon a constant value.
The m i n i m u m  d i m e n s i o n l e s s  p r i m e  c i r c l e  r a dius g e n e r a l l y  
falls among the earliest values of actual dimensionless prime 
circle radius in Table 2.1.
The f o l l o w i n g  r e l a t i o n s h i p  is t y p i c a l  of a l l  t e n t a t i v e  
dimensionless prime circle radii (Ra/H)z :
( R a / H )  -j < ( R a /  H ) 2 < ( R a / H ) 3 < ( R a /  H ) ^ ( 2 . 2 2 )
A l l  d i m e n s i o n l e s s  f o l l o w e r  o f f s e t s  (E/H) with the s a m e 
s u b s c r i p t s  (w h e t h e r  t e n t a t i v e  or a c t u a l )  are equal. A l l
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o f f s e t s  with n e g a t i v e  s u b s c r i p t s  are n e g a t i v e  o f f s e t s  in 
r e a l i t y .
The f o l l o w i n g  r e l a t i o n s h i p  h o l d s  for a l l  d i m e n s i o n l e s s  
o f f s e t s :
ABS{(E/H)_V } = ABS { (E/H) y } (2.23)
2 , 6 .1.2.7 CONCLUSIONS
When the optimization is carried through, a range of results 
corresponding to each tentative dimensionless prime circle 
r a d i u s  s t a r t i n g  f r o m  the first (i.e. 1) is o b t a i n e d .  T h e s e
r e s u l t s  c o m p r i s e  a c t u a l  d i m e n s i o n l e s s  o f f s e t s  an d  
c o r r e s p o n d i n g  a c t u a l  d i m e n s i o n l e s s  prime c i r c l e  radii. The 
range i n c r e a s e s  w i t h  i n c r e a s e  of t e n t a t i v e  d i m e n s i o n l e s s  
prime oircle radius.
The range corresponding to the first tentative dimensionless 
p r i m e  c i r c l e  r a d i u s  g e n e r a l l y  has the m i n i m u m  a c t u a l  
d i m e n s i o n l e s s  p r ime c i r c l e  radii for their, c o r r e s p o n d i n g  
a c t u a l  d i m e n s i o n l e s s  offsets. The m a t h e m a t i c a l  m i n i m u m  
d i m e n s i o n l e s s  p r ime c i r c l e  radius (with its c o r r e s p o n d i n g  
dimensionless offset) f a l l s  in this range.
T h e  r a n g e  c o r r e s p o n d i n g  to t he s e c o n d  t e n t a t i v e  
d i m e n s i o n l e s s  p r ime c i r c l e  radius contains a l l  the a c t u a l
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dimensionless offsets of the first range in addition to some 
n o t  in th e  f i r s t .  C o r r e s p o n d i n g  to t h e  o v e r l a p p i n g  
dimensionless offsets,the actual dimensionless prime circle 
radii are higher for the second range than for the f i r s t . .
This trend continues down to the last range (corresponding 
to the last t e n t a t i v e  d i m e n s i o n l e s s  p r i m e  c i r c l e  radius). 
T h i s  l a s t  r a n g e  c o n t a i n s  a m a t c h i n g  s e t  of a c t u a l  
d i m e n s i o n l e s s  o f f s e t s  and t e n t a t i v e  d i m e n s i o n l e s s  o f f s e t s  
(i.e. + F D O S E T  to - F D O S E T , s e e  Fig.2 ,4 & A p p e n d i x  A1) u n l i k e
the previous ranges,where there would always have been fewer 
a c t u a l  d i m e n s i o n l e s s  o f f s e t s  than t e n t a t i v e - d i m e n s i o n l e s s  
offsets. The corresponding dimensionless prime circle radii 
in this last r a n g e  are g e n e r a l l y  the h i g h e s t  for a l l  the 
ranges.
Thus,for a given actual dimensionless offset occuring in the 
first range and t h e r e f o r e  in a l l  the r a n g e s , t h e r e  are 
corresponding actual dimensionless prime circle radii ranging 
from the smallest (in the first range) to the largest (in the 
last range).
Since this analysis establishes a definite minimum of Ra/H 
from p r e s s u r e  a n g l e  c o n s i d e r a t i o n s , c h e c k i n g  for " p r o f i l e  
c u r v a t u r e  i n a d e q u a c y " , " m a x i m u m  a l l o w a b l e  c o n t a c t  
stress",etc. later in the design process (these are dealt with 
in C h a p t e r  4) may w a r r a n t  the use of a l a r g e r  Ra/H than the 
minimum, for a given E/H. The a lternative actual Ra/Hs would
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t h u s  p r o v i d e  a r e a d y  s o u r c e  f o r  the s e l e c t i o n  of an 
appropriate value.
2.6 .1.3 OPTIMIZATION BASED ON PRESSURE ANGLE CONTROL IN BOTH 
RISE AND RETURN
Figure 2.9 shows the initial numerical cam size optimization 
a l g o r i t h m  b a s e d  on p r e s s u r e  a n g l e  c o n t r o l  in both the rise 
and return motion segments. The expanded version is presented 
in appendix A2.
When equation 2.9 is applied to return motions the f o l l o w i n g  
relationships apply:
U = u 2 = u 1
w = w2 = ( 1 -w n ) ( 2 . 2 4  )
W ’ = w2 ’ = - v v
w h e r e  the s u b s c r i p t s  1 & 2 r e f e r  to the rise and r e t u r n
motions,respectively. Note that subscript 1 variables assume 
their values according to the trend in T a b l e . 1.2.
The arguments about e s tablishing the tentative dimensionless 
o f f s e t  a n d  p r i m e  c i r c l e  r a d i u s  r a n g e s , a n d  a b o u t  t h e  
n o r m a l i s e d  c a m  r o t a t i o n  a n d  d i m e n s i o n l e s s  o f f s e t  
in c r e m e n t s ,advanced for the case of pressure angle control in 
the rise only,apply e q u ally to the present discussion.
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T h e  a c t u a l  c a m  s i z e  e q u a t i o n s  i n  t h e  t w o  
c a s e s , h o w e v e r , d i f f e r  in c e r t a i n  i n s t a n c e s , a s  w i l l  now be 
pointed out*
For tentative dimensionless negative of f s e t s ,equation 2.18 
a p p l y  as for the case of p r e s s u r e  a n g l e  c o n t r o l  in the rise 
m o t i o n  o n l y , s i n c e  for such o f f s e t s  h i g h e r  p r e s s u r e  a n g l e s  
o c c u r  in the rise than the r e t u r n  a n y w a y  (see Fig. 2,3). 
However,for tentative dimensionless positive offsets, neither 
e q u a t i o n  2.18 nor 2 . 2 0  is a p p 1 i c a b 1 e ,both of w h ich a s s u m e  
c o n t r o l  of p r e s s u r e  a n g l e  in the rise. For these o f f s e t s  
c o n t r o l  is r e q u i r e d  in the r e t u r n , s i n c e  that is w h e r e  the 
worst pressure angles occur (see Fig.2.3).
Thus,as soon as the tentative dimensionless offset assumes a 
positive value the relevant pressure angle equation becomes 
equations 2. 9 and 2 . 2 3 taken together.
The a c t u a l  d i m e n s i o n l e s s  prime c i r c l e  r a d i u s  e q u a t i o n ,in 
such an i n s t a n c e ,then becomes:
(Ra/H)xy ={[(180*Wm'/(PI*fc)+(E/H)x )/tan9:lrf )-Wm] 2-*• (E/H ) 2^ } 0 • 5
w h e r e  ( E / H ) x , n o w  t h e  a c t u a l  d i m e n s i o n l e s s  o f f s e t  
(i. e .,M O F S E T (N )) , w a s the t e n t a t i v e  d i m e n s i o n l e s s  o f f s e t  in 
o p e r a t i o n  w h e n  the m a x i m u m  p r e s s u r e  a n g l e  was located.
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MPCRAD(N) = (Ra/H)Xy= c o r r e s p o n d i n g  d i m e n s i o n l e s s  p r i m e  
c ircle radius (possible minimum).
The rest of the argument for optimization based on pressure
angle control in the rise only,apply e q u ally to the current
s i t u a t i o n .
2.6.2 DISCUSSION OF PROGRAM
There are two parts to the cam size optimization program:
2 .6 .2 . 1  Geometry Module 1
2 . 6 .2.2 Geometry Module 2
Both versions compute pairs of values of follower offset and 
corresponding prime circle radius,in dimensionless form,for 
the following input specifications:
* The required cam law
* The rise/return segment angle,ft
* The limiting pressure a n g 1 e ,£3 r /Q^ r f
In a d d i t i o n  to the a b o v e  f u n d a m e n t a l  r e q u i r e m e n t s ,the 
designer is required to introduce a value for the increment 
of normalised cam rotat i o n ,d U ,and another for the increment 
of tentative dimensionless f o l l o w e r  o f f s e t ,d(E/H).
G e o m e t r y  M o d u l e  1 p r o v i d e s  r e s u l t s  a r i s i n g  f r o m  p r e s s u r e  
angle control in the rise motion only,and Geometry M o d u l e  2 
r elates to control in both rise and return motions.
E l e v e n  cam l a w s , e a c h  w i t h  its d i s p 1 a c e m e n t ,v e 1 o c i t y  and 
acceleration motion equations presented in dimensionless form 
[ 1 0 ],have been provided for the designer to select.
The entire cam a c t i o n  is e f f e c t e d  t h r o u g h  the use of a 
single cam law throughout.
2.6.3 SAMPLE RESULTS AND THEIR VALIDATION
A s h o r t e n e d  v e r s i o n  of a t y p i c a l  terminal' s e s s i o n  t h r o u g h  
G E O M E T R Y  M0 D U L E 1  ( s h o w i n g  o n l y  the user i n p u t s  and the 
results obtained),is shown in Fig.2.10.
To validate the program,the results were compared with those 
obtained by reliable sources [17] ,[28] ,[2 6 ].
In what f o l l o w s , D I C A D E S 1 , D I C A D E S 2 , e t c . r e f e r  to r e s u l t s  
corresponding to the f i r s t ,second,etc.tentative dimensionless 
prime circle radius (see T a ble 2,1),
The t e r m i n a l  s e s s i o n  (Fig.2.10) used the f o l l o w i n g  i n p u t s  
from Fenton [17]:
Cara law = Cycloidal
2-5 1
ftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftttftftftftftftttftttftftftftftftft
DICADES
»* GEOMETRY MODULE *»
1: GEOMETRY MODULE1
2: GEOMETRY M0DULE2
*ftftftft»ftft»«ft**ftft*ftftftftftft»ft«ftft»ftft«ftftftft»ft«ftft«»*«**«»«ft*»»««ft
Enter NUMBER of option: 1
fftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftttftftftftftftftftftftft
DICADES 
** GEOMETRY MODULE 1 **
The default increment 
of dimensionless offset is 0. 100000
Do you wish to change the default? - yes/no
»
ftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftttftftftftftftftftftftftft
«**»««*«*«»«««««««»*»«•«**«***«*«»»***«•**««»•««««*»«»«
DICADES
** GEOMETRY MODULE 1 **
Enter preferred increment 
(Acceptable range: 0.001 - 0.999)
ftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftttftftftftft
01
• ftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftft
DICADES 
** GEOMETRY MODULE 1 **
The default increment 
of normalised cam rotation is 1.000000e- 0  
Do you wish to change the default? - yes/no
*»****tt«»»»tt»**»»ft*****ft****»*****»»»****»********»*»«*
N
Fig.2.10 TERMINAL SESSION THROUGH GEOMETRY MODULE
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ft»ft*ft»»ft»»#»**»*ft**ft*ft**»»**ft»**ft#»«ftft*ft»«ft»*»*ft**ft***ft»
DICADES *
*
** LIMITING PRESSURE ANGLE **
Enter limiting pressure angle (degrees)
( Angle must be 15 deg or higher) 
«****«**»»**»»»»*****»*»***»*»#*****»»*#******»*»»***♦*
25*******•»*»»»*•**********»***»#»«*«**«»«*•**•«*«***»**»*
DICADES
** RISE SEGMENT ANGLE **
Enter the segment angle in the rise (degrees)
( Angle must be 15 deg or higher)
Notejfor every run of this module,equal rise & 
return segment angles are assumed.
««***«***»**«»*»»****»***«***«***«»»***«****«»**«««»«*«
120ftxftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftft
DICADES 
*« AVAILABLE CAM LAWS **
1 : Simple harmonic motion
2 : Parabolic (constant acceleration)
3 : Cycloidal
4 : Modified trapezoidal acceleration
5 : Modified sine acceleration
6 : 3-harmonic modified trapezoidal acceleration
7 : 3-harmonic modified sine acceleration 
Note NUMBER of DESIRED cam lawtfttftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftft
**** PAUSE Type- S - to continue
S
Fig.2.10 (contd.)
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*«********»»**»*»*»***»*•**««***•«»«**«»«»**•**»*******
DICADES 
** AVAILABLE CAM LAWS **
8 : The 3-harraonic zero-jerk-at
9 : The 2-3 polynomial
10 : The 3-4-5 polynomial
11 : The 4-5~6-7 polynomial
Note NUMBER of DESIRED cam law*»*»#**»«»**«*****»**»»««•****»«««*»««»****»»»***«*»***
** PAUSE Type- S - to continue
DICADES 
** CHOICE OF CAM LAW **
Enter NUMBER of required cam law
» « « * * « * « * * * « » * « * » * * X X * f t « « * X » * * * » » * * « * *
»****»****»**»#»**##***»**#*##******»**»##****##****»**
DICADES
** CHOICE OF CAM LAW **
You have selected 
the cycloidal cam law 
Is that the cam law you wanted? - yes/no 
*»****#*#»********#**»###*»*»***»»»*»***#*****#******»»
Fig.2.10 (contd.)
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ftftftftftftftftffttftttftftftftftttftftftftftftftftftftftftftftftxftftftftftttftftftftftftftftftftftftftftftft
DICADES
** GEOMETRY MODULE 1 **
You are now at the end of GEOMETRY MODULE 1 after *
a successful run.Tabulated/printed/plotted values **
of DIMENSIONLESS PRIME CIRCLE RADIUS vs. *
*
DIMENSIONLESS FOLLOWER OFFSET will be obtained *
ft
from the ALPHANUMERIC DISPLAYS,PRINT-OUTS,and *
«
MEDUSA DISPLAYS/PLOTS options of the MAIN MENU,to *
«
which you can exit from SUB__MENU1. *
»
ftftftXftftftftftttftftftftftftftftttftftftftftftftttftftftftftftftftftftftftftttftftftftftftftftftftftXfttttt
** PAUSE Type- S - to go to SUB_MENU1
Dimensionless follower offset Dimensionless prime circle radius
-0.4200 
-0.4100 
-0.4000 
-0.3900 
-0.3800 
-0.3700 
-0.3600 
-0.3500 
-0.3400 
-0.3300 
-0.3200 
-0.3100 
- 0.3000 
-0.2900 
-0.2800 
-0.2700 
-0.2600 
-0.2500 
-0.2400 
-0.2300 
- 0 .2200  
- 0.2100  
- 0 .2000  
-0.1900 
-0.1800 
-0.1700 
-0.1600 
-0.1500 
-0.1400
2.4611 
2.4383 
2.4155 
2.4139 
2.3912 
2.3684 
2.3457 
2.3229 
2.3002 
2.2776 
2.2549 
2.2323 
2.2097 
2,2048 
2.1822 
2.1597 
2.1372 
2.1147 
2.0922 
2.0698 
2.0474 
2.0250 
2.0027 
1.9944 
1.9721 
1.9499 
1.9276 
1.9055 
1.8833
Fig.2.10 (contd.)
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Dimensionless follower offset Dimensionless prime circle radius
-0.1300 1.8612
-0.1200 1.8391
-0.1100 1.8171
-0.1000 1.7951
-0.0900 1.7732
-0.0800 1.7513
-0.0700 1.7294
-0.0600 1.7179
-0.0500 1.6961
-0.0400 1.6744
-0.0300 1.6528
-0.0200 1.6312
-0.0100 1.6096
0.0000 1.5882
0.0100 1.5668
0.0200 1.5454
0.0300 1.5241
0.0400 1.5029
0.0500 1.4818
0.0600 1.4607
0.0700 1.4461
0.0800 1.4252
0.0900 1.4044
0.1000 1.3837
0.1100 1.3631
0.1200 1.3426
0.1300 1.3222
0.1400 1.3019
0.1500 1.2817
0.1600 1.2616
0.1700 1.2417
0.1800 1.2219
0.1900 1.2022
0.2000 1.1827
0.2100 1.1656
0.2200 1.1464
0.2300 1.1274
0.2400 1.1085
0.2500 1.0899
0.2600 1.0714
0.2700 1.0531
0.2800 1.0351
0.2900 1.0172
0.3000 0.9996
0.3100 0.9823
0.3200 0.9653
0.3300 0.9485
0.3400 0.9320
0.3500 0.9159
0.3600 0.9000
0.3700 0.8831
0.3800 0.8992
0.3900 0.9228
0.4000 0.9465
Fig.2.10 (contd.)
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Dimensionless follower offset Dimensionless prime circle radius 
0.4100 0.9701
0.4200 0.9938
Next table follows 
This is the last table
-0.8400 3.4821
-0 .8300 3.4589
-0.8200 3.4357
-0.8100 3.4125
-0.8000 3.3892
-0.7900 3.3661
-0.7800 3.3429
-0.7700 3.3197
-0.7600 3.2965
-0.7500 3.2733
-0.7400 3.2502
-0.7300 3.2270
-0.7200 3.2039
-0.7100 3.1807
-0.7000 3.1676
-0.6900 3.1445
-0.6800 3.1214
-0.6700 3.0983
-0.6600 3.0752
-0.6500 3.0521
-0.6400 3.0290
-0.6300 3.0060
-0.6200 2.9829
-0.6100 2.9599
-0.6000 2.9368
-0.5900 2.9138
-0.5800 2.8908
-0.5700 2.8678
-0.5600 2.8448
-0.5500 2.8218
-0.5400 2.7988
-0.5300 2.7758
-0.5200 2.7529
-0.5100 2.7362
-0.5000 2.7133
-0.4900 2:6903
-0.4800 2.6674
-0.4700 2.6446
-0.4600 2.6217
-0.4500 2.5988
-0.4400 2.5760
-0.4300 2.5531
-0.4200 2.5303
-0.4100 2.5075
-0.4000 2.4847
-0.3900 2.4620
-0.3800 2.4392
Fig.2.10 (contd.)
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Dimensionless follower offset 
-0.3700 
- 0 .3 6 0 0  
-0.3500 
-0.3400 
- 0 . 3 3 0 0  
- 0 . 3 2 0 0  
-0.3100 
- 0 . 3 0 0 0  
-0.2900 
-0.2800 
-0.2700 
- 0 . 2 6 0 0  
-0.2500 
-0.2400 
-0.2300 
- 0 .2 2 0 0  
- 0 .2 1 0 0  
- 0.2000 
-0. 1900 
-0.1800 
-0.1700 
-0.1600 
-0.1500 
-0.1400 
-0.1300 
- 0 . 1 2 0 0  
- 0 . 1 1 0 0  
- 0 .1 0 0 0  
-0.0900 
-0.0800 
-0.0700 
-0.0600 
-0.0500 
-0.0400 
- 0 . 030.0 
- 0 . 0 2 0 0  
- 0 . 0 1 0 0  
0.0000 
0 . 0 1 0 0  
0.0200 
0.0300 
0.0400 
0.0500 
0.0600 
0.0700 
0.0800 
0.0900 
0 . 1 0 0 0  
0 . 1 1 0 0  
0 .1 2 0 0  
0 .  1300 
0.1400 
0.1500 
0.1600
Dimensionless prime circle radius 
2.4165 
2.3938 
2.3711 
2.3484 
2.3258 
2.3031 
2.2829 
2.2603 
2.2377 
2.2152 
2.1926 
2.1701 
2.1476 
2.1252 
2.1028 
2.0804 
2.0580 
2.0357 
2.0134 
1.9911 
1.9688 
1.9466 
1.9245 
1.9023 
1.8802 
1.8581 
1.8361 
1.8141 
1.7905 
1.7686 
1.7468 
1.7250 
1.7032 
1.6815 
1.6599 
1.6383 
1.6167 
1.5953 
1.5739 
1.5525 
1.5312 
1.5100 
1.4889 
1.4678 
1.4468 
1.4260 
1.4051 
1.3844 
1.3638 
1.3433 
1.3229 
1.2969 
1.2767 
1.2566
Fig.2.10 (contd.)
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Dimensionless follower offset 
0.1700 
0.1800 
0.1900 
0.2000  
0.2100  
0.2200 
0.2300  
0.2400 
0.2500 
0.2600 
0.2700 
0.2800 
0.2900 
0.3000 
0.3100 
0.3200  
0.3300 
0.3400 
0.3500 
0.3600  
0.3700 
0.3800 
0.3900 
0.4000 
0.4100 
0.4200 
0.4300 
0.4400 
0.4500 
0.4600 
0.4700 
0.4800 
0.4900 
0.5000 
0.5100 
0.5200 
0.5300 
0.5400 
0.5500 
0.5600 
0.5700 
0.5800 
0.5900 
0.6000 
0.6100 
0.6200 
0.6300  
0.6400 
0.6500 
0.6600 
0.6700 
0.6800 
0.6900 
0.7000
Dimensionless prime circle radius 
1.2367 
1.2169 
1.1973 
1.1777 
1.1584 
1,1392 
1.1202 
1.1013 
1.0827 
1.0642 
1.0460 
1.0279 
1.0102 
0.9926 
0.9753 
0.9583 
0,9416 
0.9252 
0.9090 
0.8933 
0.8779 
0.8992 
0.9228 
0.9465 
0.9701 
0.9938 
1.0175 
1 .0411 
1.0648 
1.0885 
1.1121 
1.1358 
1.1594 
1.1831 
1.2068 
1.2304 
1.2541 
1.2777 
1.3014 
1.3251 
1.3487 
1.3724 
1.3961 ‘
1.4197 
1.4434 
1.4670 
1.4907 
1.5144 
1.5380 
1.5617 
1.5854 
1.6090 
1.6327 
1.6563
Fig.2.10 (contd.)
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Dimensionless follower offset 
0.7100 
0.7200 
0.7300 
0.7400 
0.7500 
0.7600 
0.7700 
0.7800 
0.7900 
0.8000 
0.8100 
0.8200 
0.8300 
0.8400
Cam law in use is cycloidal
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
* DICADES *
Dimensionless prime circle radius 
1.6800 
1.7037 
1.7273 
1.7510 
1.7746 
1.7983 
1.8220 
1.8456 
1.8693 
1.8930 
1.9166 
1.9403 
1.9639 
1.9876
** CHOICE OF PARAMETERS **
Enter desired optimum dimensionless follower 
offset for use in subsequent modules
f t * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
0.37
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
* DICADES
** CHOICE OF PARAMETERS **
Enter corresponding minimum practical 
dimensionless prime circle radius
f*******************************************************
0.8831
Fig.2.10 (contd.)
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The following results apply to the rise , segment
Normalised earn rotation 
0 .0000  
0.0100 
0.0200 
0.0300 
0.0400 
0.0500 
0.0600 
0.0700 
0.0800 
0.0900 
0.1000  
0.1100  
0.1200 
0.1300 
0.1400 
0.1500 
0.1600 
0.1700 
0.1800 
0.1900 
0.2000 
0.2100 
0.2200 
0.2300 
0.2400 
0.2500 
0.2600 
0.2700 
0.2800 
0.2900 
0.3000 
0.3100 
0.3200 
0.3300 
0.3400 
0.3500 
0.3600 
0.3700 
0.3800 
0.3900 
0.4000 
0.4100 
0.4200 
0.4300 
0.4400 
0.4500 
0.4600 
0.4700 
0.4800 
0.4900 
0.5000
Pressure angle(deg) 
-24.7701 
-24.7144 
-24.5465 
-24.2652 
-23.8691 
-23.3570 
-22.7278 
-21.9808 
-21.1154 
-20.1319 
-19.0311 
-17.8152 
-16.4870 
-15.0511 
-13.5136 
-11.8820 
-10.1656 
-8.3757 
-6.5249 
-4.6273 
-2.6981 
-0.7532 
1.1912 
3.1190 
5.0149 
6.8644 
8.6544 
10.3736 
12.0123 
13.5626 
15.0184 
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Fig.2.10 (contd.)
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Fig.2.10 (contd.)
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The following results apply to the return segment
Normalised cam rotation 
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Fig.2.10 (contd.) 
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Rise segment angle = 120 (deg) 
Limiting pressure angle = 25 (deg) , 
Follower stroke = 1.2 (inches)
OUTPUTS 
Fenton DICADES1
E/H 0.3725 0.37
Ra/H 0.881 0.8831
-25.0124 25.0292
DICADES2 
0,37 
0 .8779 
25.1343
Note that E/H = dimensionless offset
Ra/H = dimensionless prime circle radius 
a r = maximum pressure angle realised (deg)
Liniecki [28] has the following inputs: 
Cam law = Cycloidal 
Rise segment angle = 75 (deg) 
Limiting pressure angle = 30 (deg) 
Follower stroke = 1.2 (inches)
OUTPUTS 
Liniecki D I C A D E S 1
E/H 0 0
Ra/H 2.1839 2.1582
30.0009 30.2513
DICADES2
0
2.1844 
29.9999
DICADES3
0
2 . 1 8 2 8  
30.0151
Note that the increment of normalised cam rotat i o n ,DELTAU , in 
the two comparisons above is 0.01. Liniecki used 0.0333,which 
would give the f o l l o w i n g  output from GEOMETRY M0DULE1:
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E/H
Ra/H
D I C A D E S 1 
0
2.1635 
30.1955
DICADES2
0
2 .1839 
30.0009
DICADES3
0
\
2 . 1839 
30 . 0009
Note that D I C A D E S 2  & D I C A D E S 3  e x a c t l y  m a t c h  L i n i e o k i ’s 
o u t p u t .
Kouman's c o m b i n e d  n o m o g r a m  for m a x i m u m  p r e s s u r e  a n g l e  and 
minimum radius of curvature [2 6 ],provided a graphical source 
for validation of the GEOMETRY MODULE. The f o l l o w i n g  inputs 
were used:
Cam law = Cycloidal
Rise segment angle = 60 (deg)
Limiting pressure angle = 37 (deg)
OUTPUTS 
Kouman DICADES1
E/H 0 0
Ra/H 2 2.0516
37.8353 37.1513
K o u m a n ’s m a x i m u m  p r e s s u r e  a n g l e  (37.8353) o v e r s h o o t s  the 
l i m i t i n g  v a l u e  (37) by 2,26%, For D I C A D E S 1  ( i . e. 3 7 .1 5 1 3 ), t he 
o v e r s h o o t  is 0 .6 8 /6,by far a b e t t e r  s a t i s f a c t i o n  of the 
constraint.
Figure 2.11a shows three plots of d i m e n s i o n l e s s  p r i m e  c i r c l e
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radius vs di men sionless fol lo wer offset,corresponding to the 
three sets of i n p u t  s p e c i f i c a t i o n s  p r e s e n t e d  a b ove. Figure  
2 .1 1 b shows a n o t h e r  t h r e e  p l o t s  of t h e s e  p a r a m e t e r s ,wit h  
identical rise segment angles but different limiting pressure 
angles.
The values plotted are those obtained from the last tables 
since they give the broadest range of offset values.
2.7 SUMMARY AND CONCLUSION
The cam design process i n v o l v e s  the satisfaction of a number 
of interacting constraints. These constraints complicate the 
design to the extent that an optimum sequence of analysis is 
not evident. Thus,it is necessary to use i n i t i a l l y  a typical 
constraint to demonstrate the principles i n v o l v e d , a n d  to show 
the e f fects of the o t h e r  c o n s t r a i n t s  on the d e s i g n  in l a ter 
s t a g e s .
On this basis,the pressure angle constraint was adopted in 
this c h a p t e r  as a t y p i c a l  i n i t i a l  c r i t e r i o n  to use. The 
p r e s s u r e  a n g l e  i n f l u e n c e s  the d e s i g n  e i t h e r  in the rise 
mo t i o n  s e g m e n t  o n l y , o r  in both the rise and r e t u r n  motions. 
Control of pressure angle in the rise prevents the follower 
j a m m i n g  in its guides. W h i l e  j a m m i n g  is n o n - e x i s t e n t  in the 
r e t u r n ,c o n t r o 1 of p r e s s u r e  a n g l e  there p r e v e n t s  f o l l o w e r  
o v e r - r u n n i n g .  F o l l o w e r  over-running reverses the roles of the
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cam and fol lower,making the follower the driver and the cam 
the driven member.
A two-part numerical optimization algorithm that establishes 
a s e r i e s  of pairs of d i m e n s i o n l e s s  f o l l o w e r  o f f s e t  and 
c o r r e s p o n d i n g  d i m e n s i o n l e s s  p r i m e  c i rcle r a d i u s  has bee n  
d i s c u s s e d .  The m a t h e m a t i c a l  m i n i m u m  d i m e n s i o n l e s s  p r i m e  
c i r c l e  radius o c c u r s  in t h i s  series. The first p art of the 
algorithnijand its related program, GEOMETRY MODULE 1, contro 1 s 
p r e s s u r e  a n g l e  in the r i s e  m o t i o n  only;the o t h e r , a n d  its 
related program,GEOMETRY M O D U L E 2,contro1 s pressure angle in 
both rise and return motions.
W i t h  a series of cam s i z e s  r a t h e r  than one m a t h e m a t i c a l  
m i n i m u m , i t  is p o s s i b l e  to s y n c h r o n i s e  the m i n i m u m  p r e s s u r e  
a n g l e  with the m a x i m u m  r e s u l t a n t  f o l l o w e r  l o a d , t h e r e b y  
o p t i m i s i n g  for the c a m / f o l l o w e r  load c a r r y i n g  c a p a c i t y .  
A l s o , t h e  need to s a t i s f y  o t h e r  c o n s t r a i n t s , s u c h  as the 
minimum profile curvature to avoid undercutting, may warrant 
the use of a l a r g e r  c am t h a n  the m a t h e m a t i c a l  m i n imum.  
Furtherraore,if follower chatter needs to be eliminated,a cam 
size other than the mathematical minimum is imp 1 i e d ,except in 
a backlash-free follower (an expensive alternative).
Comparison of the results (from GEOMETRY M0DULE1) with those 
from very reliable sources, has provided validation for the 
p r o gram. This is in k e e p i n g  with the n e c e s s i t y  for the
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p rogram to be accepted on its ability.
Th e  t w o - p a r t  cam size o p t i m i z a t i o n  p r o g r a m , a s  w e l l  as 
a l l o w i n g  the user considerable latitude in his/her choice of 
the n e c e s s a r y  g e o m e t r i c  pararaeters,is o r i e n t e d  t o w a r d  the 
user. No e x t e n s i v e  c o m p u t e r  e x p e r i e n c e  is n e c e s s a r y  to run 
t h e  p r o g r a m  i t s e l f .  T h e  m i n i m u m  p r o g r a m m i n g  
e x p e r i e n c e ,i.e.,the barest knowledge of a few P r ime’s Editor 
c o m m a n d s , i s  a l l  that is r e q u i r e d  to view a l l  the r e s u l t s  
generated. Error traps occur at practically every user input 
stage to ensure that meaningful data is fed into the program. 
In fact,the minimum amount of input data is requested of the 
user (or designer).
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CHAPTER 3
FORCE ANALYSIS
3.1 INTRODUCTION 
This chapter presents an algorithm for the analysis of the
Aprincipal forces acting on the translating r o l l e r  follower as 
this member performs motion dictated by the dr i v i n g  disc cam 
(see Fig.2.2a).
The following are the principal components of force covered:
3.1.1 the equivalent weight of the following system
3 .1 . 2  the external load on the follower
3.1.3 the frictional resistance to the follower motion
3.1.4 the i n e r t i a  force due to the a c c e l e r a t i n g  mass of the
following system
3.1.5 the compressive spring force
Vibratory forces are not covered since the f o l l o w i n g  system 
is assumed to be s t i f f  (period ratio,n > 2 0 , see C h a p t e r  2 ). 
Even with such stiff s y s t e m s ,though,vibration can still arise 
from sources such as:
* a discontinuity in the acceleration curve [ 1 0 ],such as 
occurs in the S i m p l e  h a r m o n i c  m o t i o n  and P a r a b o l i c  m o t i o n
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cam laws,
* a high rate of a p p l i c a t i o n  of the e x t e r n a l  load,
to name just two. Koster [25] provides an e x c e l l e n t  coverage 
of these a l t e rnative sources of vibration.
This unavoidable induced vibration is taken into account in 
the discussion on the compressive spring force (see Section 
3.4).
3.2 CONSTANT FORCES
The equivalent f o l lower w e ight,friction between the follower 
an d  its g u i d e s , a n d  the e x t e r n a l  l o a d  on t h e  f o l l o w e r  
co n s t i t u t e  the c o n s t a n t  forces for the p u r p o s e s  of this 
analysis .
The equivalent f o l l o w e r  weight is given by:
We q = » a /3 + wf  ( 3 . 1 )
The compression spring weight, W s ,is not known at the start 
of the a n a l y s i s  and w o u l d  t h e r e f o r e  nee d  to be assumed. 
A 1 t e r n a t i v e l y ,it may be assumed negligible if its omission is 
not deemed to a f f e c t  s i g n i f i c a n t l y  the f o r c e  s y s t e m  on the 
f o l l ower. W h e r e  a n o n - z e r o  v a l u e  is a s s u m e d , i t  must be
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u n d e r s t o o d  that 1/3 of that v a l u e  (as s h o w n  in e q n . 3 . 1 ) 
a c t u a l l y  c o n t r i b u t e s  to t h e  e q u i v a l e n t  w e i g h t  o f  t h e  
follower. This is because f l e x i b i l i t y  of the spring makes it 
i m p o s s i b l e  f o r  a l l  i t s  m a s s  to be a c c e l e r a t e d  
simultaneously,only 1 / 3  being affected by the a c c e l e r a t i o n  
w ave [ 37 ].
By v i r t u e  of the r e l a t i v e  m o t i o n  b e t w e e n  the f o l l o w e r  and 
its g u i d e s ,friction comes into consideration. The frictional 
resistance, F f ,may be neg l i g i b l e  or significant depending on 
the application. And in any given a p p 1 ic a tion,it is u n l i k e l y  
to maintain a constant value throughout the cam action. Chen 
[4] p o i n t s  out that w h e r e a s  the a p p l i e d  l o a d , t h e  s u r f a c e  
r o u g h n e s s , a n d the a p p a r e n t  a r e a  of c o n t a c t  h a v e  an 
i n s i g n i f i c a n t  i n f l u e n c e  on the f r i c t i o n  c o e f f i o i e n t , t h e  
s u r f a c e  c l e a n l i n e s s , t h e  r e l a t i v e  v e l o c i t y  b e t w e e n  the 
f o l l o w e r  stem and its g u i d e s , a n d  the guide t e m p e r a t u r e  can 
significantly alter the friction value.
Thus,it is impossible to establish a universal rela t i o n s h i p 
for the evaluation of the guide friction,so that account can 
o n l y  be taken of this c o m p o n e n t  of force in this a n a l y s i s  
through its introduction as a constant value.
The external load, F e ,constitutes work done by the f o l l o w e r  
in m o v i n g  a mass. Like the g u i d e  f r i c t i o n , th i s w o r k  is 
u n p r e d i c t a b l e  ( s i n c e  it d e p e n d s  on t he p a r t i c u l a r  
a p p l i c a t i o n )  and must t h e r e f o r e  be taken a c c o u n t  of in a
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g e n e r a l  purpose cam m e c h a n i s m , t h r o u g h  its a s s u m p t i o n  as a 
c o n s t a n t  value. A f e a s i b l e  a l t e r n a t i v e  (not u s e d  in this 
a n a l y s i s )  w o u l d  be to a c c e p t  v a l u e s  of e x t e r n a l  l o a d  at 
i n c r e m e n t a l  cam r o t a t i o n  a n g l e s  (from a gr aph or table). It 
should also be possible to have an analytical option whereby 
the d e s i g n e r  c o u l d  opt to use an e q u a t i o n  s h o u l d  one exist 
for a particular application.
3.3 INERTIA FORCE
W h e n  the f o l l o w i n g  s y s t e m  of e q u i v a l e n t  mass, m e q ,is 
a c c e l e r a t e d  by the r o t a t i n g  cam,the former r.esists this 
acceleration with its inertia,given by:
= W e q /g * a (3 .2 )
The inertia force acts at the centre of g r a v i t y  of the 
fol l o w i n g  system. The centre of gravity is assumed to Lie on 
the straight line running through the centre of the fo l l o w e r  
stem. The direction of the inertia force is opposite that of 
the acceleration.
U s i n g  D ’A l e m b e r t ’s p r i n c i p l e , a  f r e e - b o d y  d i a g r a m  w i t h  the 
accelerating and inertia forces both acting at the centre of 
gravity but in opposite directions is assumed,thus reducing
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to a static e quivalent what is actually a dynamic problem.
3.4 SPRING FORCE
The translating r o l l e r  follower is kept in perpetual contact 
with the rotating disc cam by means of a h e l i c a l  compression 
spring. The s p r i n g  has s t i f f n e s s  ,given by the f o l l o w i n g  
equation:
K s = AFs /ax (3 .3 )
where AFS = change in spring force,N
A .X = change in spring deflection,m
The r e l a t e d  Fs vs x c u r v e  (Fig.3.1) a p p r o a c h e s  a s t r a i g h t  
line,the slope of which gives the spring stiffness.
As can be seen from Fig.3.2,the spring is e s p e c i a l l y  needed 
during the negative acceleration period of the follower. The 
large inertia forces in a high-speed c a m - f ollower system are 
the dominant forces in the system. Superimposed on the other 
f orces in the s y s t e m , t h e  r e s u l t a n t  acts in a d i r e c t i o n  away 
f ro m  the cam c e n t r e  of r o t a t i o n ,t h e r e b y  b r e a k i n g  the cam- 
follower contact unless the spring is strong enough to offset 
this situation. The follower is said to jump off.the earn when 
such a break occurs. I m p a c t  and v i b r a t i o n  are the d i rect 
consequences of jump.
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The c r i t i c a l  d e s i g n  p o i n t  is the p o int of o c c u r e n c e  of the 
m a x i m u m  n e g a t i v e  i n e r t i a  f o r c e  (see F i g . 3 . 2 ) , w h e r e  t he  
tendency for a break in contact between the cam and follower 
is highest. T h i s  p o i n t  f a l l s  in the c l o s e  v i c i n i t y  of the 
m a x i m u m  n e g a t i v e  a c c e l e r a t i o n  (Fig.3.2). Thus, the s p r i n g  
force at this point needs to exceed the res u l t a n t  of all the 
other forces on the follower.
The amount by w h i c h  the s p r i n g  force e x c e e d s  the m a g n i t u d e  
of the a l g e b r a i c  s u m  of a l l  the o t h e r  f o r c e s  on the 
f o l l o w e r , a t  the c r i t i c a l  d e sign p o i nt,is k n o w n  as the l o a d  
margin,given by the fol l o w i n g  relationship:
(Fac- A B S ( W eq+ F e + F f +' F ± ) )
^margin  ---------------- '--------------------- * 100
ABS(W eq+ F e+ F f+ F t )
(3.4)
The choice of l o a d  m a r g i n  depends on the c a m  law in the 
p a r t i c u l a r  a p p l i c a t i o n  ( [ 30 ] ,[2 2 ], [ 37 ] ) b u t , i n  g e n e r a l , t h e  
h i g h e r  the m a r g i n  (and h e nce the s t r o n g e r  the r e s u l t i n g  
spring) the greater the tendency for wear of both the cam and 
roller surfaces,on the one hand. On the other,in the case of 
a r e t u r n  m o t i o n  s e g m e n t  w h e r e  p r e s s u r e  a n g l e  is n o t  
c o n t r o 1 l e d ,the g r e a t e r  the l i k e l i h o o d  of f o l l o w e r  o v e r ­
r u n n i n g  s h o u l d  h i g h  p r e s s u r e  a n g l e s  be e n c o u n t e r e d  in the 
return motion [37]. I m p a c t ,n o i s e ,and further wear (and hence
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s h ort life) of the m a t e r i a l s  of b oth the earn and f o l l o w e r  are 
the u n a v o i d a b l e  c o n s e q u e n c e s ,as the f o l l o w e r  b e c o m e s  the 
driver and the cam the driven member.
The load margin is of particular importance with respect to 
a p h e n o m e n o n  k n own as s p r i n g  s u r g e , w h i c h  has the e f f e c t  of 
r e d u c i n g  the e f f e c t i v e  s p r i n g  force in o p e r a t i o n  a n d , w h e r e  
such a r e d u c t i o n  is s u b s t a n t i a l , r e s u l t s  in the f o l l o w e r  
" j u m p i n g "  o ff the cam. J e h l e  & S p i l l e r  [ 2 1 ] ,  T u r k i s h  
[43 ] ,Jennings [22],and Koster [25] are sources for a thorough 
explanation of this phenomenon of spring surge.
In g e n e r a  1,T u r k i s h  s u g g e s t s  that the r a t i o  of the s p r i n g  
n a t u r a l  f r e q u e n c y  to the cam a n g u l a r  s p e e d  s h o u l d  be 11 or 
higher,to prevent spring surge.
R o t h b a r t  [37] cites f r i c t i o n  and v i b r a t i o n  as a d d i t i o n a l  
r e a s o n s  for p r o v i d i n g  a l o a d  m a r g i n  at the c r i t i c a l  d e s i g n  
point,and recommends for this margin a minimum of between 30 
& 50%.
In g e n e r a l , t h e  lower m a r g i n  of 3 0 % s h o u l d  be a d e q u a t e  for 
cam laws exhibiting smooth and continuous acceleration curves 
(such as the cycloidal and modified trapezoidal acceleration 
c a m  l a w s ) , a n d  w h e r e  t he m a n u f a c t u r i n g  f a c i l i t i e s  a n d  
techniques are such that a good cam profile is assured. Where 
a discontinuity occurs in the acceleration curve (such as the
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s i m p l e  harmonic and p a r a b o l i c  cam l a w s ) , v i b r a t i o n  occurs. 
S u c h  v i b r a t i o n  b e c o m e s  e v e n  more serious w i t h  p r o f i l e  
inaccu r a c i e s .  In such a c a s e , e v e n  a 50% m a r g i n  w o u l d  be 
inadequate. The choice of an appropriate value w o u l d  need to 
be made by the designer with discretion.
On the basis of the cam law a l o n e , Nek lut in [3 0 ] recommends a 
2 0 % load margin for the modified trapezoidal a c c e l e r a t i o n  cam 
l a w .
The compression spring,because of the cyclic nature of its 
operation (alternating between a minimum and maximum load at 
the minimum and maximum d e f 1 e c t i o n ,r espective 1 y ),may lead to 
failure due to fatigue u n l e s s  designed for stress below its 
e n d u r a n c e  limit (i.e. m a x i m u m  a l l o w a b l e  w o r k i n g  s t r e s s , s e e  
[30]), The s m a l l e r  the s t r e s s  range (i.e.,the r a t i o  of the 
operating deflection to the total d e f 1 ection , s e e Fig.3.3),the 
g r e a t e r  the n u mber of c y c l e s  of a p p l i c a t i o n  w h i c h  w i l l  ‘be 
required to produce fracture due to fatigue [1 ].
Thus,a preset needs to be introduced into the spring design. 
T h e  preset is the a m o u n t  by w h i c h  the s p r i n g  is i n i t i a l l y  
deflected when the f o l l o w e r  is at the inner d w e l l  (Fig.3.3). 
The spring force associated with this preset is known as the 
p r e l o a d .  For the p u r p o s e s  of this a n a l y s i s , t h e  p r e l o a d  is 
f u r t h e r  defined as t h e  p e r c e n t a g e  s p r i n g  f o r c e  at t h e  
c r i t i c a l  design p o i n t , b y  w h i c h  the s p ring is l o a d e d  at the 
lowest follower displacement in one complete cam rotation
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FOLLOWER
c i g . 3 . 3  ‘CLJCAL COMPRFSFiON SPRING STRFSF RAMGF
(see Fig.3.2). Thus,
Preload = F sc - Ks * (ymc- ym Q )
where (ymc- yrao^ = follower displacement from 
critical design point.
As w e l l  as e n s u r i n g  l o n g  spri n g  l i f e , t h e  p r e l o a d  fu r t h e r  
acts to prevent jump due to spring surge.
The final form of the spring force equation is:
F s= k s * ^ra + F p (3.6)
(3.5)
inner d w e 1 1 at
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where A y m = ym - y m o - f o l l o w e r  displacement from inner dwell.
The m a x i m u m  c o m p r e s s i v e  s p r i n g  force can be o b t a i n e d  fro m  
the a b o v e  equation. The s p r i n g  s t i f f n e s s  (eqn,3.3) is known, 
and so is the o p e r a t i n g  d e f l e c t i o n  (this b e ing e q u a l  to the 
follower stroke). If the e l a stic limit of the spring material 
w e r e  known,the m a x i m u m  a l l o w a b l e  w o r k i n g  s t r e s s  and the 
spring size factor could be eva l u a t e d  [30], Charts of s p r i n g  
siz e  vs wire d i a m e t e r , such as those provided by Neklutin [30] 
,can then be used to determine suitable wire sizes. Neklutin 
p r o v i d e s  the c o m p l e t e  c a l c u l a t i o n s  for the s e l e c t e d  wire 
s i z e s ,1 eading s u b s e q u e n t l y  to the s e l e c t i o n  of the best 
spring for the application. The Surrey spring design module 
[41] also provides guidance on spring size selection.
3.5 D Y N A M I C  E Q U I V A L E N T  R A D I A L  L O A D  FOR R A D I A L  R O L L E R  
BEARINGS
T he  d y n am ic e q u i v a l e n t  r a d i a l  lo a d  is d e f i n e d  as that 
constant stationary radial load under the influence of which 
a r o l l i n g  b e a r i n g  w o u l d  h a v e  the same life as it w i l l  a t t a i n  
under the actual load con ditions [3].
For c y l i n d r i c a l  and n e e d l e  r o l l e r  b e a r i n g s  h a v i n g  line 
contact,no axial component of the actual load on the bearing 
exists. Thus, the dynamic e q u i valent radial load is given by 
[3 3:
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P = F r r r (3.7)
where Fpis the radial load.
Now this radial load corresponds to the contact force, F c ,at 
the cam and f o l l o w e r  r o l l e r  i n t e r f a c e  (see e q n . 2 . 7 ). S i n c e  
this co n t a c t  f o r c e  is not c o n s t a n t , b u t  v a r i e s  with cam 
rotation throughout the cam action,the f o l l o w i n g  relationship 
is used to ev a l u a t e  the dynamic equivalent radial load [2 0 ]:
Pr= (1/T * F 1 0 / 3 (t) d t ) 1 0 / 3  (3 .8 )
where T = total time of cam action,sec
F(t) = contact force at time t,N
S i n c e  a c o n s t a n t  c a m  a n g u l a r  s p e e d  of w r a d / s e c  is 
assu m e d , a n d  (2 # P I ) r a d i a n s  is one c o m p l e t e  c a m  r o t a t i o n , t h e  
period T is given by:
T = (2*PI)/w (3.9)
Furthermore,since the contact force varies n o n - p e r i o d i c a 1 ly 
a n d  is u n l i k e l y  to be i n t e g r a l l y  r e l a t e d , a  g r a p h i c a l
t e c h n i q u e  is u sed to e v a l u a t e  the a r e a  u n d e r  the (contact
force) curve for the entire cam motion.
Note that the a r e a  u n d e r  the F(t) c u r v e  is the same as that
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u n der the F(U) c u r v e  - the c o n t a c t  force in this a n a l y s i s  
varies with normalised cam rotation,U.
The t r a p e z o i d a l  rule,Fig.3.4, is used to find the area under 
the contact force curve [2 9 ].
N U P H A U ie n  CAN R O T A T IO N , U 
F i y . j . A  IL L U S T R A T IN G  T:>E T R A PEZO ID A L R U L E
The area of the shaded trapezoid is:
F ( U t ) + F(U2 )
Area = --------------- (U 2 - U-j)
2
( 3 . 1 0 )
applied to integration,this becomes:
■U,
F ( U 1 ) + F(U2 )
F(U ) dU = --------------- (U2 - U 1 ) (3.11)
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An accurate result is obtained by dividing the range into N 
strips. Summing the areas of these strips results in:
]
bn
F(U) dU = h{F(U0 )/2 + F(U-,) + ....+ F(Un -,) + F ( U n )/2}
Uc
(3 .1 2 )
for N trapezoids of equal width,given by:
U n- u 0
(3.13)
N o t e  that h e q u a l s  t h e  i n c r e m e n t  of n o r m a l i s e d  c a m  
r o t a t i o n ,d U .
Thus, from eqns,3.8 & 3.9 ( s u b s t i t u t i n g  F(U) for F(t)),the 
dynamic equivalent radial load becomes:
Pr = {(w/(2*PI))* F 1 0 / 3 (U) d U } 1 0 / 3
JUo
= { ( w / ( 2 X p i ) ) K d U ( F ( U 0 )/2 + F ( U 1 ) + ____ + F ( U n - 1 ) +
F(Un ) /2 ) 1 0 / 3 ) 1 0 / 3
(3.14)
3.6 ROLLER SIZE DETERMINATION
H a v i n g  obt a i n e d  the d y n a m i c  e q u i v a l e n t  r a d i a l  l o a d  from 
eqn.3.l4,the following relationship is then used to determine
3-15
the necessary r o l l e r  size [2 0 ]:
where = n o m i n a l  l i f e  in m i l l i o n s  of r e v o  1 u t i o n s ,this 
b e i n g a c h i e v e d b y  90/6 of t h e p o p u l a t i o n ( i . e ,  a 
sufficiently large number of the same type). 
Downrating to achieve 98% r e l i a b i l i t y  
r e c o m m e n d e d .
C = d y n a m i c  l o a d  c a p a c i t y  in N e w t o n s . F o r  r a d i a l  
bearings,C is a co n s t a n t  l o a d  c o r r e s p o n d i n g  to 
9 0 % reliability for = 1 0  ^ revolutions, 
Bearings having a stationary outer race and a 
rotating inner race are implied.
S p e c i f y i n g  a v a l u e  for leads to the e v a l u a t i o n  of the 
d y n a m i c  load c a p a c i t y ,C ,w h i c h  , u sed in c o n j u n c t i o n  with a 
m a n u f a c t u r e r ’s c a t a 1 o g u e ,1 eads to the d e t e r m i n a t i o n  of the 
appropriate r o l l e r  bearing size for the applieation.
3.7 DISCUSSION OF THE FORCE ANALYSIS ALGORITHM
Figure 3.5 shows the i n i t i a l  force a n a l y s i s  a l g o r i t h m .  The 
d e t a i l e d  v e r s i o n  is g i v e n  in a p p e n d i x  B1. R e f e r e n c e  to both 
versions is necessary for the following discussion. (Notation
L f = (C/Pr )10/3 (3.15)
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Fig.3.5 (contd.)
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used is explained in "Notation and units".)
Th e  G E O M E T R Y  M O D U L E  f i l e s , a s  s h o w n  in a p p e n d i x  B 1 , w e r e  
created when that module was most recently run. In the event 
of that module not having been run before the FORCE ANALYSIS 
MODULE is run,the re l e v a n t  data is requested of the user. In 
s u c h  an  i n s t a n c e , t h e  earn g e o m e t r i c  p a r a m e t e r s  
( i . e . d i m e n s i o n l e s s  o f f s e t ,  C D O S E T ,  & p r i m e  c i r c l e  
r a d i u s ,CDPCRD ) cannot be s e l e c t e d  from a m o n g  an a v a i l a b l e  
s e r i e s  of a c c e p t a b l e  o p t i o n s  (i.e. o p t i o n s  s a t i s f y i n g  the 
l i m i t i n g  pr e s s u r e  a n g l e  c o n s t r a i n t ),as e o u l d  be the case 
a f t e r  the G E O M E T R Y  M O D U L E  is run. Such data w o u l d  t h e r e f o r e  
n e e d  to be s p e c i f i e d  f r o m  an o u t s i d e  s o u r c e  w h e n  the 
s u b r o u t i n e  D I M P A R  ( e x p a n d e d  in a p p e n d i x  A3) is i n v o k e d .  In 
common with the GEOMETRY MODULE,the .geometric parameters are 
c h e c k e d  for c o m p l i a n c e  w i t h  the l i m i t i n g  p r e s s u r e  a n g l e  
criterion in the motion segment(s) selected by the designer.
Where the GEOMETRY MODULE had been run,so that the re l e v a n t  
f i l e s  can be a c c e s s e d  by the F O RCE A N A L Y S I S  M O D U L E , t h e  
d e s i g n e r  is at l i b e r t y  to e i t h e r  edit the d ata or l e a v e  it 
intact for use in the latter module.
The maximum possible number of se g m e n t s ,N U M B , is 5,but very 
o f t e n  in p r a ctice H s e g m e n t s  in t o t a l  are e n c o u n t e r e d ,the 
e x t r a  DWELL se g m e n t  not b e i n g  required. The sum of the 
segment a n g 1 e s ,C A M A N G , must equal 360° exactly. 0 t h e r w i s e ,the 
d e s i g n e r  is warned of the e r r o r  and s u b s e q u e n t l y  g i v e n  the
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chance to reenter the correct angles.
The f o l l o w e r  w e i gh t , WE IGHT (M 1 ), is the same in a l l  m o t i o n  
segments. The external 1 o a d ,E X T LOA(M1), on the follower may 
be d i f f e r e n t  f r o m  s e g m e n t  to s e g m e n t , b u t  is c o n s t a n t  in any 
g i v e n  s e g m e n t .  If g u i d e  f r i c t i o n , F R I C T N ( M  1 ), is not 
neg lected,its v a lue in one.non-dwell segment differs only in 
sign from that in the o p p o s i t e  n o n - d w e l l  segment. In a l l  
dwells guide friction is zero.
W h e r e a s  the v a l u e  of y m at the start of e v e r y  m o t i o n  s e g m e n t  
was constant for the GEOMETRY MODULE at
y»o= (Ra2- e 2 )1/2,
the situation is different for the FORCE ANALYSIS MODULE.
For this module,
=  y m o "  f r 2 -  e 2 > 1 / 2  < 3 - i 6 >
where r = distance between cam and r o l l e r  centres,m
Hence the need to reset it to its new v a l u e  at the end of 
c o m p u t a t i o n s  w i t h  r e s p e c t  to any g i v e n  m o t i o n  s e g m e n t  (see 
a p p e n d i x  B1).
N o t e ,h o w e v e r ,that this new v a l u e  a l t e r n a t e s  b e t w e e n  the
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inner dwell value,
(Ra2 - E 2 ) 1 / 2
and the outer dwell one,
(Ra2 - E 2 ) 1/2+ H
as the f o l l o w e r  m o v e s  b a c k  and f o rth b e t w e e n  the i n n e r  and 
outer dwells with no intermediate dwells.
IF0RCE(K,M1) is the inertia force, F ifat the Kth normalised 
cam rotation in segm.ent M 1.
TF0RCE(K,M1) is given by:
T F 0 R C E ( K , M 1 )  = I F ORCE(K ,M 1)+W E I G H T (M 1)+EXTLOA ( M 1)+ F R I C T N (M 1)
(3.17)
M I N M U M  is the maximum negative inertia force for the entire 
c a m  a c t i o n , a n d  t h i s  m a x i m u m  o c c u r s  in s e g m e n t  n u m b e r  
N U M S E G , i n  which the n o r m a l i s e d  cam r o t a t i o n  is NINPT. Note 
that w h e n  the m o d u l e  is r u n , t h e  type of s e g m e n t  N U M S E G  
(whether RISE or RETURN) is a lso given.
C S F O R C  is the c r i t i c a l  d e s i g n  point s p r i n g  f o r c e , w h i c h  
e x c e e d s  the sum of a l l  the o t h e r  f o r c e s  by M A R G I N %  (of that
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s u m ) .
The lowest v a l u e  of spring force,P R E L O A ,occurs at the inner 
dwell. KS is the spring stiffness.
S F 0 R C E(K,M1) is the s p r i n g  force at the Kth n o r m a l i s e d  cam 
rotation in segment M1.
TFL0AD(K,M1) is given by:
TFLOAD(K,M1) = SF0RCE(K,M1) + TF0RCE(K,M1) (3.18)
and is the resultant follower load,L (see eqn.2 .7 ), which,if 
n e g a t i v e  (see F i g . 3 .2 ) , 1 eads to the p h e n o m e n o n  of JUMP. In 
the event of jump,three options are open to the designer:
3.7.1 I n c r e a s e  the s e g m e n t  a n g l e  for the s e g m e n t  w h ere the 
negative resultant follower load occured.
To e x p l a i n  this a c t i o n , t h e  f o l l o w i n g  e q u a t i o n  is r e c a l l e d  
from Chapter 1:
W f '(w2H ) *1802
p Od y/dt = -------------   (1 . 6  re-arranged)
(£ * P I ) 2
Thus,the inertia force (eqn.3.2) expands to:
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raeq* W ” (w 2 H)*1802
F i= ----------------------------------   (3.19)
(5*PI ) 2
S i n c e  in h i g h - s p e e d  c am m e c h a n i s m s  these i n e r t i a  f o r c e s  
d o m i n a t e  a l l  the o t her f o r c e s  and thus tend to l e a d  to a 
n e g a t i v e  r e s u l t a n t  f o l l o w e r  l o a d  d u r i n g  t h e  n e g a t i v e  
acceleration period of the follower,it is essential to reduce 
their influence in the event of jump in preference to any of 
the other forces in the system. Increasing the segment angle 
(see eqn.3.19) w i l l  v e r y  l i k e l y  r e v e r s e  the net n e g a t i v e  
force situation to a net p o s itive one since inertia force is 
i n v e r s e l y  proportional to the square of the segment angle.
3.7.2 Decrease the earn a n g u l a r  speed
S i n c e  the i n e rtia f o rce is d i r e c t l y  p r o p o r t i o n a l  to the 
s q u a r e  of the cam a n g u l a r  s p e e d  (e q n. 3.1 9 ), r e duc i ng the 
latter significantly reduces the former.
3.7.3 C h ange the cam law in use
H e r e  the emphasis is on c a m  laws (or a cam law) w h i c h  
g i v e ( s )  a better a c c e l e r a t i o n  curve. A b e t t e r  a c c e l e r a t i o n  
curve here means one with lower values of acceleration.
The maximum resultant f o l l o w e r  load in the entire cam motion
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(i.e.one complete rotation of the earn shaft) is MPLOAD.
T NL0A D ( K , M 1 )  is the c o n t a c t  f o r c e , F c ,at the Kth n o r m a l i s e d  
cam r o t a t i o n  in s e g m e n t  M1. M N L O A D  is the m a x i m u m  c o n t a c t 
force in the entire cam motion,
AREA is the a r e a  u n d e r  the C o n t a c t  f o rce vs N o r m a l i s e d  cam 
r o t a t i o n  curve for the entire cam action. This ar e a , compu t e d 
u s i n g  the t r a p e z o i d a l  r u l e , gi v e s  the d y n a m i c  e q u i v a l e n t  
radial load acting on the radial roller bearing at the end of 
the translating follower.
LIFE,if specified by the designer,wou 1d be the nominal life 
of the bearing in m i l l i o n s  of revolutions. From the LIFE and 
AREA the d y n a m i c  l o a d  c a p a o i t y , D Y L 0 A D , is c o m p u t e d  by the 
module.
The designer may either use this bearing data in conjunction 
with a b e a r i n g  m a n u f a c t u r e r ’s c a t a l o g u e  to a r r i v e  at the 
appropriate r o l l e r  size for the a p p 1 i c a t i o n ,or find help for 
the roller size sel e c t i o n  in the CONTACT STRESS/UNDERCUTTING 
MODULE,which is discussed in the next chapter.
3.8 THE FORCE ANALYSIS M O D U L E ,RESULTS, & DISCUSSION OF THE 
RESULTS
Fi g u r e  3.6 is a t y p i c a l  t e r m i n a l  s e s s i o n  t h r o u g h  the FORCE  
A N A L Y S I S  M O D U L E , i n c l u d i n g  one set of r e s u l t s  from it. Note
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DICADES 
** FORCE ANALYSIS MODULE **
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
The following results have been obtained from 
the previous raodule(s):
Cam law: Cycloidal
Rise segment angle(degrees): 120.000
Limiting pressure angle(degrees): 25.0000
Normalised cam rotation increment: 1.000000E-02
OK to use them in this module? - yes/no 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
*******************************************************
DICADES
** FORCE ANALYSIS MODULE **
The following results have been obtained from 
the previous module(s):
Chosen dimensionless 
follower offset: 0.370000
Chosen dimensionless
prime circle radius: 0.883100
OK to use them in this module? - yes/no
* * * * * * * * * * * * * * * * * * * * * * * * * * * * f t * * * * * * * * * * * * * * * * * * * * * * * * * *
Fig.3 .6 TERMINAL SESSION THROUGH FORCE ANALYSIS MODULE
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DICADES 
** FORCE ANALYSIS MODULE **
A sequence of FIVE motion segments (maximum) 
is allowed in this module in a complete cam 
rotation of 360 degrees.
Such a sequence could be as follows:
Segment 1 = DWELL Segment 2 = RISE
Segment 3 = DWELL Segment 4 = FALL/RETURN
Segment 5 = DWELL
**«**»#«*«****•
** PAUSE Type S to continue
Any of the above segments could be segment 1. 
Subsequent segments follow as they are encountered 
sequentially in the complete cam motion.Segment 5 
need not exist. In which case a maximum of FOUR 
segments is expected.In this module every NON-DWELL 
segment is expected to be followed by a DWELL 
segment,and every subsequent NON-DWELL segment 
is the opposite of the previous NON-DWELL segment, 
i.e.,FALL if the previous was RISE,for example.
Now enter number of segments in complete cam action
Fig.3.6 (contd.)
*ft*ft»ft»»»*ftft»*»ftft*##«**#***ft**ft»*»ftft******»»***ftft*ft***ft#ft
* DICADES 
»
* ** FORCE ANALYSIS MODULE **
*
* Enter TYPE of segment 1 : rise/fall(return)
*
#***»**»****«»***»»***»**********#*»»»»*»*#»»**#*******»
rise««««««*«««*«***«ft********************«***•«#**#*****»*»*
* DICADES »
* ** FORCE ANALYSIS MODULE ***— —       --------
*
* Enter segment angle for segment 1 (degrees)
«
ftftftftftftftftftftftftttftftftftftftftftftttftftftftttftftftftftftftftftftftftftftftftftftftftftftftftftftftft
120
* DICADES
*
* ** FORCE ANALYSIS MODULE **
* Enter segment angle for segment 2 (degrees) *
» » 
ftftftftftftftftftftftftftftftftftftftftftftftftftftftftftfttftftftftftftftftftftftftftftftftftftftftftftftftftft
60ftftftxftftftftftftftftftftftftftttftftftftftftftftftftftftftftftftftftftftftftftfttt-ftftftttftftftftftftftftftft
* DICADES 
»
* »« FORCE ANALYSIS MODULE **»~~—       — ~~~~--- ~~~— — ~— — — —
«
* Enter segment angle for segment 3 (degrees)*
ftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftft*
120
«*««»•«»*•«»««*«*«**»««**»»*««««»«»*•***»•«»«»«»»»*»*»*«
* DICADES «
* ** FORCE ANALYSIS MODULE ** *  ------------------------
«
* Enter segment angle for segment 4 (degrees)
*
ft«»*ft«ft»ft«ft**«ft*ftftft»ft*»ft»ft»»»»ft«ft««»ft»«»»«»»««*ft»«ft***ftft
60
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DICADES *
*
** FORCE ANALYSIS MODULE ** *
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
*
Cam law: Cycloidal
*
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
** PAUSE Type S to continue
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
DICADES
** FORCE ANALYSIS MODULE **
Enter follower stroke (m)
f t * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ** * * * * * *
05
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
DICADES
** FORCE ANALYSIS MODULE **
Forces are considered to be positive when they have 
the same direction but opposite sense as the posit­
ive displacement of the translating roller follower
The force values are thus expected to be entered 
into this module with the appropriate signs 
indicating the sense of their action
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
** PAUSE Type S to continue
Fig.3.6 (contd.)
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ft*«***»ft**»**»****»ft*»*****»»«********»#«ft**»***#ft*ft*#»
• The follower EQUIVALENT WEIGHT is the same constant
value throughout every motion segment.
For this module,the EXTERNAL LOAD on the follower
is assumed constant in any given motion segment.
It may vary from segment to segment,however.
The guide FRICTIONAL RESISTANCE is,by default in
this module,negligible.You may override this state
of affairs by introducing a constant (assumption
in this module) value for it if you so wish.
Friction in dwells is zero,and differ only in sign 
in non-dwells.
** PAUSE Type S to continue
ftftftftftftftftftftftftftftftftftftftftftftftftttftftftftftftftftftftftftftftftttftftftftftftftftftftttftftft*
DICADES *
*
** FORCE ANALYSIS MODULE ** *
25
ft
Enter equivalent weight of following system (N) *
ftftftftftttftftftftftftftftftttttttttftftftftftftftftftftftftftftftftftftftftftftttttftftftftftftftftftftft**
ftftftftftftftftftftftftftttftftffftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftft
DICADES 
** FORCE ANALYSIS MODULE **
Values of follower external load are to be 
entered in sequence starting from segment 1
ftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftxftftftftftftftft*
** PAUSE Type S to continue
Fig,3.6 (contd.)
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*******************************************************
DICADES
** FORCE ANALYSIS MODULE **
30
Enter external load (N) in RISE 
********************************«********»*»*******«••*
*******************************************************
DICADES
** FORCE ANALYSIS MODULE **
Enter external load (N) in DWELL 
*»**»****»******»*************************************»
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
DICADES
** FORCE ANALYSIS MODULE **
Enter external load (N) in RETURN 
x * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
*********#**#***************#*************-*************
DICADES
** FORCE ANALYSIS MODULE **
Enter external load (N) in DWELL 
*******************************************************
*******************************************************
DICADES
** FORCE ANALYSIS MODULE **
Do you wish to enter a friction value? - yes/no 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
Fig.3.6 (contd.)
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*******»ft»»*»»»»»*»ftft»»#»*****»*»*ft»»#**ft#***»*»»*»*ftft*»
DICADES **
** FORCE ANALYSIS MODULE ** *
—     —       «
*
Enter cam rotation (rpm) *
ft
iftftftftftttftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftft
1000tftftftftftftftftftftftftftftftftftftftftftftftftftftftftttftftftftftftftftftftftftftftftftftftftftftftftttftftft
DICADES *
•
** FORCE ANALYSIS MODULE ** *
«
The maximum negative inertia force (N) *
»
in the entire cam motion is -2001.52
Normalised cam rotation *
«
at this maximum is 0.750000
This cam input is in segment 1
«
This segment is a riseftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftfttftftftftftftftftftftftftftftftft
** PAUSE Type S to continue
ftftftftftftttftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftfttftftftftftftftftftftftftftftftft
DICADES *
** FORCE ANALYSIS MODULE ** *ft
The LOAD MARGIN is the percentage of the resultant *
*
follower load LESS the spring force,at the CRITICAL*
«
DESIGN POINT,by which the constraining spring force*
ft
is expected to surpass that resultant load at the *
critical design point.The critical design point *
ft
falls at approximately the point of MAXIMUM NEGATI-*
ft
VE ACCELERATION.lt is at this critical design point*
•
that the follower will be likely to lift off the *
*
cam in the phenomenon called JUMP. *ftftftftftftftftftftftttftftftftftftftftftftftftftftftftftftftftftftftftftxftftftftftftftftftftftftftftftftftft
** PAUSE Type S to continue
Fig.3.6 (contd.)
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DICADES **
** FORCE ANALYSIS MODULE ** *
********************************************************
3
*
Now enter load margin (say,30%-without % sign) *
*
******************ft*************************************
********************************************************
DICADES **
** FORCE ANALYSIS MODULE ** *
The spring force at the critical *
*
design point (N) is 2530.48 *
ft*******************************************************
** PAUSE TYPE S to continue
ft******************************»************************
DICADES *
** FORCE ANALYSIS MODULE ** *
*
The PRELOAD is the percentage of the spring force AT *
THE CRITICAL DESIGN POINT with which the spring is *
*
partially loaded at the LOWEST FOLLOWER DISPLACEMENT *
*
in the complete cam rotation.In addition to ensuring *
*
a larger spring force for a given displacement, *
*
thereby providing improved restraint of the follower *
*
on the cam,the spring preload ensures a longer spring*
*
life than would be the case for a spring that was **
initially completely relaxed. ' *
********************************************************
** PAUSE Type S to continue
j
Fig.3-6 (contd.)
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*********************************************************
* DICADES *
* #* FORCE ANALYSIS MODULE ** *
* Now enter % critical spring force *
* to be used as spring preload *
* (say,30£ - without the % sign) *
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
30
f t * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
* DICADES *
* ** FORCE ANALYSIS MODULE ** *
* The spring preload (N) is 759.144
*  *
* The spring stiffness (N/m) is 38966.7
* When the spring will have finally been designed,if *
*  *
* the ratio of its natural frequency(rad/sec) to that*
*  *
* of the cam angular velocity(rad/sec),called the *
« »
* HARMONIC NUMBER,falls below 11,or 9(for a rigid *
* cam/follower system with a smooth acceleration *
* *
* curve),JUMP,resulting this time from spring *
* SURGE will be likely to occur. *
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
**** PAUSE Type S to continue
s
Fig.3.6 (contd.)
*
s
** CONTINUATION **
This phenomenon of surge might necessitate
redesign of the spring to improve the stiffness
to offset this condition.
The load margin in this instance need not be 
changed,the preload only needing modification.
The equivalent weight of the spring would need . 
to be included in the follower equivalent weight 
at this stage,as a fair assessment of that weight 
would have been possible at this stage of the 
spring design.
** PAUSE Type S to continue
i t * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
DICADES 
** FORCE ANALYSIS MODULE **
Maximum resultant follower load (N) is ‘ 3021.16
Normalised cam rotation at maximum is 0.280000 
This cam input is in segment 1
This segment is a rise
rtf******************************************************
**** PAUSE Type S to continue
s
Fig.3.6 (contd.)
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«**ft*ft*»ft*»*ft»*ft**#ft**»»ft*»**»ftft»»***»#ftftft***#*****ft***«
DICADES *«
** FORCE ANALYSIS MODULE ** *          *
*
Maximum cam/follower contact force (N) is 4318.04
*
Normalised cam rotation at maximum is 0.690000
*
This cam input is in segment 3
*
This segment is a RETURN
ftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftft*
** PAUSE Type S to continue
ftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftfttftftftftftftftftftftftftftftftftftftftftftftftft
DICADES *
»
** FORCE ANALYSIS MODULE ** *      #
ft
Equivalent load for roller bearing (N) is 8699.05»
ftftftftftftftftftftftftftfttfftftftftftftftftftftftftftftftftftftxftftftftftftftftftftftftftftftftftftftftftft
**# PAUSE Type S to continue
ftftftftftftftftftftftftftftftftftftftftftftftfttftftftftftftftftftftftftftttftftftftftftftftftftftftftftftftft*
* DICADES *
* ** FORCE ANALYSIS MODULE ** * *-        «
# *
* Would you like to enter a value for the NOMINAL *
* LIFE of the roller bearing (units:millions of *
* «
* Revolutions)? - yes/no *
* «
ftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftttftftftftftftftftftftftftftftftftftftftft*
Fig.3.6 (contd.)
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* DICADES *
*  *
* ** FORCE ANALYSIS MODULE **
 * *  —   ~~  —   —
*
* Please consult some manufacturer's catalogue
*
* for a suitable roller size based on the computed*
* equivalent bearing load: 8699.05*
* and some nominal bearing life & bearing dynamic
*
*********************************************************
load capacity.
* Note,however,that the CONTACT STRESS/UNDERCUTTING
*
* MODULE helps with roller/cutter size selection. 
********************************************»****x******
**«* p a us e Type S to continue
s
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
* DICADES*
* ** FORCE ANALYSIS MODULE ** *      —  -----------
*
* You are now at the end of the FORCE ANALYSIS
*
* MODULE after a successful run.
*
* Tabulated/printed/plotted values of NORMALISED 
»
* CAM ROTATION against a host of variables can be
*
* obtained from the ALPHANUMERIC DISPLAYS,PRINT-OUTS,
*
* and MEDUSA DISPLAYS/PLOTS options of the MAIN
*
* MENU,to which you can exit from SUB__MENU1.
*
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
**** PAUSE Type S to go to SUB_MENU1
s
Fig.3.6 (contd.)
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* DICADES *
* ** FOLLOWER MOTION AND LOADS ** ** *
* Results obtained from a previous run of the ** *
* FORCE ANALYSIS MODULE will be displayed for your *
* *
* viewing.The following are the available displays : *
* *
* 1: Normalised cam rotation vs Follower displacement, ** *
* Velocity and Acceleration*
* *
* 2: Normalised cam rotation vs Following system inertia *
* »
* 3: Normalised cam rotation vs Compressive spring force *
# *
* 4: Normalised cam rotation vs Resultant follower load *
* *
* 5: Normalised cam rotation vs Contact force *
* Note:use TEXT EDITOR commands to Print n,FILe,Quit,etc.*ftftftftftftftftftftftftftftftftftftcftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftft
Enter NUMBER of option: 5
ftftftftftftftftftttftftftftftftftftftftftftftftftftftftftftttftftftftttftftftftttftftftftftftftftftftftftftftftftft
The following results apply to segment 1 i.e.
Normalised cam rotation Contact force(N)
0.0000 896.6387
0.0500 1562.2681
0.1000 2119.0010
0.1500 2528.9824
0.2000 2815.5854
0.2500 3014.2720
0.3000 3113.6514
0.3500 3063.6465
0.4000 2832.8477
0.4500 2442.9941
0.5000 1960.5271
0.5500 1468.4590
0.6000 1041.4524
0.6500 733.3142
0.7000 576.0582
0.7500 585.1080
0.8000 764.3586
0.8500 1 107.0259
0.9000 1592.3027
0.9500 2181.6973
1.0000 2820. 1187
The following results apply to segment 2 i.e.
Normalised cam rotation Contact force(N)
0.0000 2789.4927
Fig.3.6 (contd.)
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0.1000 2789.4927
0.2000 2789.4927
0.3000 2789.4927
0.4000 2789.4927
0.5000 2789.4927
0.6000 2789.4927
0.7000 2789.4927
0.8000 2789.4927
0.9000 2789.4927
1.0000 2789.4927
The following results apply to segment 3 i.e.
Normalised cam rotation Contact force(N)
0.0000 2789.4927
0.0500 2162.1768
0.1000 1593.5508
0.1500 1124.8220
0.2000 790.5011
0.2500 618.1836
0.3000 629.4731
0.3500 838.0836
0.4000 1243.1770
0.4500 1819.5166
0.5000 2508.7646
0.5500 3217.5103
0.6000 3827.2778
0.6500 4219.2910
0.7000 4310.2793
0.7500 4085.0742
0.8000 3603.5557
0.8500 2968.4209
0.9000 2271.7656
0.9500 1563.8098
1.0000 863.5989
The following results apply to segment 4 i.e.
Normalised cam rotation Contact force(N)
0.0000 863.5989
0.1000 863.5989
0.2000 863.5989
0.3000 863.5989
0.4000 ' 863.5989
0.5000 863.5989
0.6000 863.5989
0.7000 863.5989
0.8000 863.5989
0.9000 863.5989
1 .0000 863.5989
Would you like to have another option displayed ?
Fig.3.6 (contd.)
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the c o n s t a n c y  of the c o n t a c t  force in the d w e l l s  and the 
s m o o t h  t r a n s i t i o n  b e t w e e n  the outer d w e l l  and the r e t u r n  
m o t i o n , a n d  b e t ween the r e t u r n  m o tion and the i n n e r  d w e l l .  
Note that such smooth transition is not the case between the 
rise and the outer d w e l l  s i n c e  the e x t e r n a l  f o l l o w e r  load 
c e a s e s  to exist once the rise m o t i o n  is p e r f o r m e d :  the input 
for this force component for all segments other than the rise 
is 0 in the particular run of the module in Fig.3.6 .
As s h o w n  in the a l g o r i t h m  ( F i g . 3.5 & a p p e n d i x  B 1 ), the
GEOMETRY MODULE data could have been modified if so desired. 
It has to be said that the F O R C E  A N A LYSIS M O D U L E  can be run 
i n d e p e n d e n t l y  of any o t h e r  m o d u l e  ( i n c l u d i n g  the G E O M E T R Y  
MODULE).
A l t h o u g h  for space c o n s i d e r a t i o n s  the rest of the r e s u l t s  
a v a i l a b l e -  from the lis t  of o p t i o n s  (see F i g . 3.6 ) c a n n o t  be 
presented here,it must n e v e r t h e l e s s  be appreciated that where 
c o n s t a n c y  of f o r c e  v a l u e s  is to be e x p e c t e d  (i.e. in 
dwells),and where smooth transition of these values should be 
the case (i.e. b e t w e e n  n o n - d w e l l s  and d w e l l s , g i v e n  the 
s i t u a t i o n  r e g a r d i n g  the c o n s t a n t  forces),such e f f e c t s  are 
c l e a r l y  the case w i t h  the r e s u l t s  from the F O R C E  A N A L Y S I S  
M O D U L E .
F i n a 1 l y ,Fig.3.7 is the g r a p h i c a l  r e p r e s e n t a t i o n  of the 
m o t i o n  functions (option 1 ) e v a l u a t e d  during the run of the 
m o d u l e  in Fig.3.6 . /W ptbP
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3.9 SUMMARY
The following are the principal components of force covered 
in this c h a p t e r  w i t h  r e s p e c t  to the disc c a m / t r a n s l a t i n g  
roller f o l lower system:
* the equivalent weight of the following system
* the external load on the follower
* the frictional resistance to the follo w e r  motion
* t h e i n e r t i a f o r c e  due to the a c c e l e r a t i n g  m a s s o f t h e  
following system
* the compressive spring force
V i b r a t o r y  f o r c e s  h a v e  not been e x p l i c i t l y  taken into 
consideration since e stiff following system is assumed. Such 
forces can n e v e r theless exist in the system if the selected 
cam law for the f o l lower motion exhibits discontinuities in 
any of the r e s p o n s e  c u r v e s  ( e s p e c i a l l y  the a c c e l e r a t i o n  
r e s p o n s e  curve). A high rate of a p p l i c a t i o n  of the e x t e r n a l  
load would also be another cause of vibration. To neutralise 
the e f f e c t  of this u n a v o i d a b l e  i n d u c e d  v i b r a t i o n  is one 
reason for p r o v iding a l o a d  m a r g i n  on the compression spring 
used to maintain cam/follower contact at a ll times.
The load m a r g i n  is the p e r c e n t a g e  of the sum of the forces 
on the f o l l o w e r  les s  the s p ring fo r c e , b y  w h i c h  the spring 
force e x c e e d s  that sum at the c r i t i c a l  d e s i g n  point. The 
c r i t i c a l  d e s i g n  p o int f a l l s  in the c l o s e  v i c i n i t y  of the
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m a x i m u m  n e g a t i v e  a c c e l e r a t i o n .  In h i g h - s p e e d  c a m s , t h e  
n e g a t i v e  i n e r t i a  force at the c r i t i c a l  d e s i g n  point is the 
dominant force in the system. Combined with the other forces 
in the s y s t e m , t h e  r e s u l t a n t  is n e g a t i v e  and leads to the 
f o l l o w e r  lifting off the cam in the phenomenon known as jump. 
Jump causes impact and vibration and is thus undesirable. To 
p r e v e n t  jump is one of the d e s i g n  c r i t e r i a  and is the p r i m a r y  
reason for providing a load margin on the spring.
The force a n a l y s i s  a l g o r i t h m  d e s c r i b e d  in this c h a p t e r  
p r e v e n t s  jump occuring. A n u m b e r  of c h a r a c t e r i s t i c s  of the 
compression spring carrying out this "jump prevention" task 
is e s t a b l i s h e d  (or can be d e d u c e d )  in the a l g o r i t h m .  T h e s e  
include the stiff ness , maximum load., operating def lection, total 
d e f 1 e c t i o n ,and s t ress range.
D a t a  p e r t a i n i n g  to the r o l l e r  b e a r i n g  is p r o v i d e d  in the 
algorithm. The equivalent load it carries is computed and,if 
its i n t e n d e d  l i f e  is k n o w n , t h e  l o a d  c a p a c i t y  is a l s o  
c o m p u t e d .  T h i s  d a t a  c a n  t h e n  be u s e d  w i t h  a b e a r i n g  
m a n u f a c t u r e r ’s c a t a l o g u e  to s e l e c t  the a p p r o p r i a t e  r o l l e r  
size for the application.
The p r o g r a m  that does a l l  of the a b o v e , c a l l e d  the F O R C E  
A N A L Y S I S  M O D U L E , c a n  a c cept data fro m  the G E O M E T R Y  M O D U L E  
( d i s c u s s e d  in t he l a s t  c h a p t e r )  or c an be u s e d  as an 
i n d e p e n d e n t  module. Like the G E O M E T R Y  M O D U L E , i t  a s s u m e s
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l i t t l e  p r o g r a m m i n g  e x p e r i e n c e  of the designer. F a m i l i a r i t y  
with Prime’s Editor is the o nly requirement. Such familiarity 
is necessary to view and m a n i pulate the results.
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CHAPTER ,4
CAM CURVATURE AND THE CONTACT S T R E S S 'CRITERION
4 - 1
CHAPTER 4
CAM CURVATURE AND THE CONTACT STRESS CRITERION
4.1 INTRODUCTION
T h e  r a d i u s  of c u r v a t u r e  of t he earn p r o f i l e  a n d  t h e  
cam/follower contact stress were both cited in Chapter 2 as 
design criteria having an influence on the eventual size of 
c a m .
This chapter explains how.they exert their i n f l u e n c e ,and how 
the design is safely taken around their harmful effects.
The algorithms developed to assist the designer in a v o iding 
these h a r m f u l  e f f e c t s  are next p r e s e n t e d  and d i s c u s s e d .  
Typical runs of the corresponding programs are then provided 
together with their results.
It must be remarked that the subject of contact stresses in 
particular is quite elaborate and involved,so that only the 
a s p e c t  of the t h eory that is of d i rect r e l e v a n c e  to the 
d e s i g n  in hand is gone i n t o ,r e f e r e n c e  b e i n g  made to the 
f o l l o w i n g  a u t h o r i t y  for a m o r e  d e t a i l e d  treatment:Johjison 
[ 23 3 .
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4.2 CAM CURVATURE AND UNDERCUTTING
When a limiting pressure a n g l e  is specified,either for the 
r i s e  m o t i o n  onl y  or for b o t h  the rise and return m o t i o n s , i t  
h as been shown in C h a p t e r  2 h o w  a s e r i e s  of pairs of f o l l o w e r  
o f f s e t  and c o r r e s p o n d i n g  c a m  size can s u b s e q u e n t l y  be 
d e r i v e d , a l l  s a t i s f y i n g  the c o n s t r a i n t .  The mat h e m  a t i c a 1 
minimum cam size with its corresponding offset occurs in the 
s e r i e s .
If the d e s igner opted for the m a t h e m a t i c a l  m i n i m u m  cam 
s i z e , p a r t ( s )  of the r e s u l t i n g  cam p r o f i l e  may be s u c h  that 
the roll e r  may not be able to accurately follow its computed 
p a t h  a r o u n d  that p r o f i l e  (see F i g . 4.1). In o t her w o r d s , t h e  
c u r v a t u r e  of the cam p r o f i l e  at such part(s) is i n a d e q u a t e  
for correct roller motion.
PITC H  CURVE RAOI US OF CURVATURE,
F i g .  -4.1 CAM CURVATURE ANO IT S  EFFECT ON ROLLER MOVEMENT
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The curvature of a curve is the rate at which its direction 
changes. At a g i v e n  p o i n t  on the c u r v e  (see p o i n t  P in 
Fig.4.1),a c i r c l e  d r a w n  t a n g e n t  to the c u r v e  w i t h  i d e n t i c a l  
curvature with the curve,will have a radius c a l l e d  the radius 
of c u r v a t u r e  of t he c u r v e  at the g i v e n  p o i n t .  As the 
curvature changes,so does the radius of curvature.
When,as cited a b o v e , t h e  r o l l e r  cannot f o l l o w  its d e s i r e d 
p a t h  a r o u n d  t h e  c a m  p r o f i l e  b e c a u s e  of an i n a d e q u a t e  
c u r v a t u r e , t h e  c o n d i t i o n  k n o w n  as u n d e r c u t t i n g  is said to 
occur. Two types of undercutting can occur:
4.2.1 convex cam undercutting
4.2.2 concave cam undercutting
With reference to the cam centre of rotation,when the pitch 
c u r v e  is c o n v e x  (see F i g . 4.2) and has a r a d i u s  o f c u r v a t u r e (( 
, l e s s  than- t h e  r a d i u s  of the r o l l e r , R r , c o n v e x  c a m  
u n d e r c u t t i n g  is said to occur. C o n c a v e  cam u n d e r c u t t i n g  
o c curs when a c o n c a v e  cam p r o f i l e  (see F i g . 4.2) has a radius 
of curvature,tl e s s  than the radius of the r o l l e r .  In other 
w o r d s , r o l l e r  i n t e r f e r e n c e  of the c a m  p r o f i l e  happens. 
R e f e r e n c e  w i l l , h o w e v e r , b e  made to c u t t e r  i n t e r f e r e n c e  [11] 
r a ther than r o l l e r  i n t e r f e r e n c e  of the cam p r o f i l e  when 
describing concave cam undercutting in consideration of the 
m a n u f a c t u r i n g  t e c h n i q u e  ( m i l l i n g  cutter) to be e m p l o y e d  in 
p r o d u c i n g  the cam. T h u s , c o n c a v e  cam u n d e r c u t t i n g  (or cutter 
i n t e r f e r e n c e )  o c c u r s  w h e n  the cutter r a d i u s  is g r e a t e r ' t h a n
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the radius of c u r v a t u r e  of the c o n c a v e  cam p r o f i l e  at a p o i n t  
or points. In fact, the c r i t i c a l  v a l u e s  of the c u r v a t u r e  
radii are those with the s m a llest magnitude.
Fig.4.2 Illustrating convex and concave cam curvatures [9]
To avoid both types of undercutting t-he following conditions 
must be satisfied:
0 < Rr < emin. ' ?> 0 (4.1)
(4.2)
where tpmin= ^mi n “ Rr (4.3)
The following equation is used to evaluate the pitch curve 
radius of curvature [9 ]:
y  ^y m
i  ____________ - ______________ - __________________ (4.4)
A cos Qii ( - A/H ) W ’ ' cosei. + W ’singQ + ym cos0C
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where ym = ymo+ WH and y m o = [Ra2 - E2 ] 172
In order to make the results more portable , eqn.4.4 is made
dimensionless in this analy s i s  by dividing both sides by the 
f ollower stroke, H.
The boundary conditions in Table 1.2 apply for a l l  segments. 
For return segments,the f o l l o w i n g  a d d i t i o n a l  r e l a t i o n s h i p s  
a p p l y :
u = U2 = U 1
w = w2 = ( 1 -w n )
w» = w2 » = - W l * ( 4 . 5 )
W’ ’ = w2 -1 ’ = -W-, ’ •
w h e r e  the s u b s c r i p t s  1 & 2 r e f e r  to the r i s e  and r e t u r n
m o t i o n s , respectively. Note that subscript 1 v a r i a b l e s  assume 
their values according to the trend in Table 1.2.
In the event of under c u t t i n g  (convex or concave),one of the 
f o l lowing two a l t e r n a t i v e s  would need to be adopted for disc 
cam design:
4,2 .1.1 the use of a s m a l l e r  roller.
The s m a l l e r  the r o 1 1 e r , t h o u g h ,the h i g h e r  the s t r e s s  
c o n c e n t r a t i o n  at the c a m / r o l l e r  i n t e r f a c e  o w i n g  to the 
r e d u c t i o n  in the c o n t a c t  area. A r e d u c t i o n  in r o l l e r  size 
further leads to lowering of its load capacity. There is thus
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a limit on the a c c e ptable roller size.
4.2 .1 . 2  the use of a l a r g e r  cam size.
Since the radius of curvature increases with increase in cam 
size (see eqn.4.4),this w o u l d  seem an e a s i e r  a l t e r n a t i v e .  
H o w e v e r , f o r  r e a s o n s  g i v e n  in C h a p t e r  2,cam s i z e  n e e d s  to be 
r e s t r a i n e d , s o  that such i n c r e a s e  (in cam size) as w o u l d  be 
n e c e s s a r y  to o f f s e t  the u n d e r c u t t i n g  c o n d i t i o n  has to be 
c a r r i e d  out w i t h  d i s c r e t i o n .  There is the a d d i t i o n a l  fact 
t h a t - i n c r e a s i n g  the cam size speeds up the r o 1 1 e r ,t h e r e b y  
reducing its load capacity.
4.3 THE CONTACT STRESS CRITERION
When two elastic bodies,one or both of the surfaces of which 
are curved (such as a disc cam and a roller follower),are in 
contact and subjected to a normal load,elastic deformation at 
the contact point r e s u l t s  in a contact area — as o p p o s e d  to a 
p o i n t  or l i n e  c o n t a c t  w h e n  the b o d i e s  a r e  u n l o a d e d .  
G e n e r a  1 1 y ,t h i s  c o n t a c t  a r e a  is e l l i p t i c a l .  W h e r e  the 
contacting bodies are cylindrical with p a r a l l e l  axes,such as 
is the case with a disc cam and translating r o l l e r  follower  
arrangement, the e l l i p s e  major semi-axis is infinitely long 
c o m p a r e d  to the m i n o r  s e m i - a x i s  and the c o n t a c t  are a  can be 
considered to be rectangular.
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It must be remarked that the m a t h e m a t i c a l l y  perfect assembly 
a s s u m e d  in the f o r e g o i n g  d i s c u s s i o n  is not l i k e l y  to be the 
case in practice. Misalignment of the r o l l e r  and cam leads to 
their respective axes being no longer parallel. To a l low for 
misa 1 i g n m e n t ,the r o l l e r  is,in p r a c t i c e ,manufactured with a 
slightly crowned surface. Such "barelled" r o llers correlate 
c a l c u l a t e d  and a c h i e v a b l e  c o n t a c t  s t r e s s e s  b e t t e r  t h a n  
cylindrical rollers [ 1 2 ],
The contact stresses created by the normal load pressing the 
two bodies together are the major cause of failure of one or 
both of the bodies. It must be a p p r e c i a t e d  that the two 
bodies (cam and roller) do not remain in fixed contact as the 
cam r o t a t e s  at a c o n s t a n t  a n g u l a r  speed. T h u s , t h e  c o n t a c t  
s t r e s s e s  are c y c l i c  in n a t u r e  and are r e p e a t e d  a ver y  l a r g e  
n u m b e r  of t i m e s , e v e n t u a l l y  r e s u l t i n g  in a f a t i g u e  f a i l u r e  
that b e g i n s  as a l o c a l i z e d  f r a c t u r e  (crack) r e l a t e d  to 
l o c a l i z e d  stresses. B e c a u s e  of f a t i g u e  f a i l u r e  in disc 
cams,these stresses limit the load-carrying capacity of the 
contacting members and hence are the significant stresses in 
the cam m e c h a n i s m .  For i n s t a n c e , a  disc c a m / r o l l e r  f o l l o w e r  
a r r a n g e m e n t  f r e q u e n t l y  f a i l s  due to f o r m a t i o n  of pits  
(pitting) at the contact surface [ 1 4 ] , [37 ] ,[4]. The bottom of 
such a pit is often l o c a t e d  a p p r o x i m a t e l y  at the p o int of- 
maximum shearing stress [2 ].
Now,even though the only stresses acting on the contact area 
are d i r e c t  ( c o m p r e s s i v e )  s t r e s s e s  w h i c h , a t  the cent r e  of
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contact and at all points d i r e c t l y  below the centre,are also 
principal stresses ([4 ] ,[14], [ 2 ]), and shear stresses at a l l  
p o i n t s  on and d i r e c t l y  b e l o w  the c e n t r e  of the c o n t a c t  
s u r f a c e  are zero,the c o m b i n a t i o n  of the p r i n c i p a l  s t r e s s e s  
r e s u l t s  in shear s t r e s s e s  a c t i n g  at 45° to the p r i n c i p a l  
planes [39]. The maximum of these shear stresses occurs b e low  
the c o n t a c t  s u r f a c e  at a p o i n t  p r o v i d i n g  the o r i g i n  for the 
pits. Therefore,a potential fatigue failure situation exists.
To d e s i g n  for f a t igue it is n e c e s s a r y  to know the m a x i m u m  
compressive stress (referred to as the Hertz stre s s ),which is 
not only the maximum principal stress,occuring at the centre 
of t he c o n t a c t  s u r f a c e , b u t  a l s o  the one w i t h  t h e  m o s t  
significant contribution to the disastrous maximum shearing 
stress [ 2  ],[4 ].
It has to be noted that the f o r e g o i n g  has i g n o r e d  the 
existence of friction and s l i d i n g  at the contact surface,both 
of w h i c h  are a s s u m e d  n e g l i g i b l e  in this i n v e s t i g a t i o n  (see 
C h a p t e r  1). The p r e s e n c e  of f r i c t i o n  or s l i d i n g  p r o d u c e s  
s h e a r  stress on the c o n t a c t  s u r f a c e  [40] w h i c h  f u r t h e r  
complicates the stress situation.
The following equation for the Hertz stress for r e c t angular 
contacts is used in this a n a lysis [45]:
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fzmax= [(Fc/l)><(1/(PI^(K1+K2)))K(Rr + ?p ) / ( R r x (,p ) ] 0 * 3
(*t. 6 )
U s u a l l y , t h e  m a x i m u m  a l l o w a b l e  c o n t a c t  stress, f z m a x ,is 
g i v e n .  E q u a t i o n  4.6 a p p l i e s  to e v e r y  p o i n t  on t h e  c a m  
profile. Attention i s ,h o w e v e r ,focussed on the point at which 
the m a x i m u m  contact l o a d  o c c u r s  (see S e c t i o n  4.5). F r o m  a 
l o a d  a n a l y s i s  on the c a m - f o l l o w e r  m e c h a n i s m  ( d e a l t  w i t h  in 
the last chapter) the maximum contact force, F c m ,is obtained. 
The material properties of both the cam and r o 1 1 e r ,name 1 y the 
Elastic (Young’s) Modulii and Poisson’s ratios are intrinsic 
p r o p e r t i e s  and are c o n s i d e r e d  k n own in a d v a n c e .  The cam 
w i d t h , 1 ,is considered an input parameter.
Now consider the f o l l o w i n g  rearrangement of eqn.4.6: 
( ( R r + ep ) / ( R r ^ ) ) x ( F 0 / l )  = f z ma x 2 X P I 2 ( K 1 +K 2 ) = (> ;„
(4.7)-
6  , is referred to as the c o n t a c t  stress f a c t o r  [ 1 1 ] w h i c h  co
,from the above discussion,is a known quantity.
A rearrangement of eqn.4,7 leads to:
(RrxSp )/(Rr+£p ) = (F Q /1) X 1 /<rto = Rrel (4.8)
R r e l  is referred to as the r e l a t i v e  radius b e t w e e n  the cam 
profile and roller [ 1 1 ] and,from eqn.4.8,is also known.
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To e v a l u a t e  t he r o l l e r  r a d i u s  f r o m  t h e  r e l a t i v e  
radius,Rrel,the fol l o w i n g  equation is used [ 1 1 ]:
(Rr2 /<?m i n ) - Rr + Rrel = 0 , £ >  0 (4.9)
The use of in eqn.4.9,as e x p l a i n e d  in [ 1 1 ] , leads to
overdesign since such a combination of load and curvature is 
unlikely to occur. Neverthe 1 e s s ,considering the need to "keep 
fatigue failure at bay",it probably is safest to overdesign 
than to adhere to a more exact solution.
Equation 4.9 yields two values for the r o l l e r  size,Rr,thus 
providing a range in which the actual r o l l e r  size should lie 
if the contact stress condition is to be satisfied.
Note that eqns.4.9 and 4.1,arising r e s p e c t i v e l y  from contact 
s t r e s s  a n d  u n d e r c u t t i n g  c o n s i d e r a t i o n s , b o t h  p r o v i d e  a 
constraint on the r o l l e r  size. Simultaneous satisfaction of 
both equations by the r o l l e r  thus prevents undercutting and 
ensures that the m a x i m u m  a l l o w a b l e  c o n t a c t  s t r e s s  is not 
exceeded.
4.4 DISCUSSION OF THE RADIUS OF CURVATURE ALGORITHM
The algorithm shown in Fig.4.3 (shortened form) and appendix 
C1 (expanded f o r m ) ,c o m p u t e s  the d i m e n s i o n l e s s  p i tch c u r v e
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Fig.4.3 Initial pitch curve radius of curvature evaluation 
algorithm
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r a d i u s  of c u r v a t u r e  at n o r m a l i s e d  c a m  r o t a t i o n  
inc reraents , DELTAU, throughou t the e n t i r e  cam m o t i o n  (i.e.,one 
c o m p l e t e  rotation of the cam shaft). The f i l e s  f r o m  the 
p r e v i o u s  m o d u l e s  w e r e , a s  s h o w n  in a p p e n d i x  C 1 , c r e a t e d  w h e n 
the G E O M E T R Y  and F O R C E  A N A L Y S I S  M O D U L E S  w e r e  run. In the 
event of these modules not having been run before the RADIUS 
OF CURVATURE MODULE is run,the relevant data is requested of 
t h e  user. D E L T A U ,P R E D E G ,& S E G A N G (M 1 ) h a v e  t h e  s a m e  
r e s t r i c t i o n s  as in b o t h  the G E O M E T R Y  and F O R C E  A N A L Y S I S  
MODULES,and for the same reasons. These restrictions are:
0.001 <= DELTAU <= 1
PREDEG >= 15 deg
S E G A N G (M 1) >= 15 deg,where M1 = 6
UATMAX is the normalised earn rotation at the maximum contact 
force in the entire cam motion. This input occurs in segment 
n u m b e r  S E G N U M , w h i c h  is a S E G T Y P ( S E G N U M ) - i . e . , R I S E  or
RETURN. Note that the c o n t a c t  force is c o n s t a n t  in e v e r y  
d w e l l  segment at the v a l u e  r e a c h e d  at the end of the non- 
dwell segment immediately preceding that dwell segment (refer 
to C h a p t e r  3).
D I M R H O ,expanded in a p p e n d i x  A 3 , is the s u b r o u t i n e  w h i c h  
c o m p u t e s  t h e  d i m e n s i o n l e s s  p i t c h  c u r v e  r a d i u s  of 
c u r v a t u r e ,R H 0 ( K , M 1 ) , a t e v e r y  s t e p , K , o f  n o r m a l i s e d  c a m  
rotation in every segment,M1. This dimensionless form is got 
by dividing both sides of eqn.4.4 by the follower s t r o k e , H.
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M I N R H O  is the m i n i m u m  d i m e n s i o n l e s s  c o n v e x  p i tch c u r v e  
r a d i u s  of c u r v a t u r e  in the e n t i r e  cam motion. This m i n i m u m  
oc c u r s  in s e g m e n t  n u m b e r  N U M B E R , w h i c h  is a SE GT Y P (N U MBE R ) - 
i.e., RISE or RETURN. Note that the r a d i u s  of c u r v a t u r e  is 
constant in every dwell segment at the value reached at the 
end of the non-dwell segment immediately preceding that dwell 
s e g m e n t  (this can be seen f rom eqn.4.4).
R H O M I N  is the m i n i m u m  d i m e n s i o n l e s s  c o n c a v e  p i t c h  c u r v e  
ra d i u s  of c u r v a t u r e  in the e n t i r e  cam motion. This m i n i m u m  
o c c u r s  in s e g m e n t  n u m b e r  N E W N U M , w h i c h  is a S E G T Y P (N E W N U M ) -
i.e.,RISE or RETURN. Note comment above for MINRHO in dwells.
A L F A , i n  d e g r e e s , i s  t he p r e s s u r e  a n g l e  at t he m a x i m u m  
cara/follower c o n t a c t  force in the e n t i r e  earn motion. The 
maximum earn/follower contact force occurs at UATMAX. At this 
input v a l u e , t h e  c o r r e s p o n d i n g  d i m e n s i o n l e s s  p i t c h  c u r v e  
radius of curvature is RHOATM.
4.4.1 THE RADIUS OF CURVATURE M O D U L E ,R E S U L T S ,AND DISCUSSION 
OF RESULTS
In Fig . 4.4 is s h o w n  a t y p i c a l  t e r m i n a l  s e s s i o n  t h r o u g h  the 
R A D I U S  OF C U R V A T U R E  MODULE. In this p a r t i c u l a r  run of the 
m o d u l e , b o t h  the G E O M E T R Y  and F O R C E  A N A L Y S I S  M O D U L E  f i l e s  
exist and are used intact in the CURVATURE MODULE. Note that 
though the normalised cam rotation increment used is 0 .0 1 ,the
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DICADES *
*
** RADIUS OF CURVATURE MODULE ** *
********************************************************
The following results have been obtained from 
the previous module(s):
Cam law: Cycloidal
Rise segment angle(degrees): 120.000
Limiting pressure angle(degrees): 25.0000
Normalised cam rotation increment: 1.000000E-02
*
*
OK to use them in this module? - yes/no *
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
DICADES ■«
** RADIUS OF CURVATURE MODULE ** * -    *
The following results have been obtained from * 
*
the previous module(s): *
*
Total number of segments: 4
*
Segment types:rise DWELL 
RETURNDWELL
*
Segment angles: 120.000 60.0000
120.000 60.0000
*
Normalised cam rotation at maximum cam/follower *
contact force: 0.690000
*
Segment number at maximum contact force: 3
*
* OK to use them in this module? - yes/no *
* * * * * * * * * * * * * * * * f t * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
y
Fig.4.4 TERMINAL SESSION THROUGH RADIUS OF CURVATURE MODULE
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DICADES *
** RADIUS OF CURVATURE MODULE ** *
The following results have been obtained from *
the previous module(s): *
Chosen dimensionless *
*
follower offset: 0.370000
Chosen dimensionless prime *
«
circle radius: 0.883100
«
OK to use them in this module? - yes/no *ftftftftftftfttfftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftfttftftftftft
ftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftft
DICADES *«
** RADIUS OF CURVATURE MODULE ** *         «
*
Cam law: Cycloidal
ftftftftftttftftftftftftftftftftftftftftftftftftftftftftftftftttftftftftftftftftftftftftftftftftftftftftftftftft
** PAUSE Type S to continue
ftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftxftftftftftftftftftftftftft
DICADES *
«
** RADIUS OF CURVATURE MODULE ** *     «
*
Minimum dimensionless convex pitch curve *
radius of curvature is 0.883100
«
»
This minimum value occurs in segment 1
*
This segment is a rise
ftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftttftftftvftftftftftftftftftftftftftftftft
** PAUSE Type- S - to continue
Fig.4.4 (contd.)
* DICADES *
* ft
* ** RADIUS OF CURVATURE MODULE ** *
 *----------  — •— *---------     *
* Minimum dimensionless concave pitch curve *« «
* radius of curvature is -1.37729« *
* This minimum is in segment 1
« «
* This segment is a rise
ftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftwftftftft
**** PAUSE Type- S - to continue
s»»•*«**««««••«»««««««««««*«*»**»«••««»««««»«»»«««««»•«*««
* DICADES *« ft
* ** RADIUS OF CURVATURE MODULE ** *
  --
* Pressure angle at maximum cam/follower *
« #
* contact force (degrees) is -46.7110
ft *
* Dimensionless pitch curve radius of curvature *
* *
* at maximum contact force is 2.04133ftftftftftftftft»ft«**»»ft««««**»*««»«ft»*»*ftftftftft*»«*»ftft«***ft»»ft*ft*tf
**** PAUSE Type- S - to continue
s
ftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftrftftftftftftttftftftftftft
* DICADES*
* ** RADIUS OF CURVATURE MODULE **    -
ftftftftftftftftftftftftftftftftftftftftftftftftftftftftttftftftftftftftftftftftftftftftftftftftftftftftftftftftft
* You are now at the end of the RADIUS OF CURVATURE*
* MODULE after a successful run.«
* Tabulated/printed/plotted values of NORMALISED CAM
* ROTATION vs. DIMENSIONLESS PITCH CURVE RADIUS OF
«
* CURVATURE can be obtained from the ALPHANUMERIC 
»
* DISPLAYS, PRINT-OUTS,and MEDUSA DISPLAYS/PLOTS
*
* options of the MAIN MENU,to which you can exit «
* from SUB_MENU1.
ftftftftftftftftftftftftftftftftftftftftftftttftftftttftttftftftftttftftftftftttftftftftftftftftftttftftttftftft
**** PAUSE Type- S - to go to SUB MENU1
Fig.4.4 (contd.)
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DICADES*
** RADIUS OF CURVATURE **
* Results obtained from the most recent run of the *
* RADIUS OF CURVATURE MODULE will be displayed. *
* *
* The following are the available options: *
* *
* 1) Normalised cam rotation vs Dimensionless pitch *
* •
* curve radius of curvature *
* 2) Terminal session aide-memoir ** *
* Remember: use TEXT EDITOR commands to Print n,FILe, *
* Quit,etc. ***********«*»»****»**«»«*****«*********»***•***»»**«**»***
Enter desired option: 1
The following results apply to segment 1 i.e., rise
Normalised cam Dimensionless pitch curve 
radius of curvaturerotation 
0.0000 
0.0500 
0.1000 
0.1500 
0.2000 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 
0.7000 
0.7500 
0.8000 
0.8500 
0.9000 
0.9500
1.0000
0.8831 
1.6665 
24.8823 
-2.1219 
- 1 .3 811  
-1.7352 
-5.7070 
4.2818 
1.8500 
1.3343 
1.1201 
1.0050 
0.9376 
0.9029 
0.8985 
0.9260 
0.9895 
1.0948 
1.2529 
1.4856 
1.8394
Fig.4.4 (contd.)
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The following results apply to segment 2 i.e., DWELL
Normalised cam Dimensionless pitch curve
rotation radius of curvature
0.0000 1.8394
0.1000 1.8394
0.2000 1.8394
0.3000 1.8394
0.4000 1.8394
0.5000 1.8394
0.6000 1.8394
0.7000 1.8394
0.8000 1.8394
0.9000 1.8394
1.0000 1.8394
The following results apply to segment 3 i.e., RETURN
Dimensionless pitch curve 
radius of curvature 
1.8394 
1 .4900 
1.2765 
1.1514 
1.0880 
1.0707 
1.0890 
1.1339 
1.1978 
1.2739 
1.3591 
1 .4567 
1.5822 
1.7759 
2.1347 
2.9092 
4.6802 
6.3780 
3.5418 
1.5769 
0.8831
Fig.4.4 (contd.)
Normalised cam 
rotation 
0.0000 
0.0500 
0 .1 0 0 0  
0.1500 
0.2000 
0.2500 
0.3000 
0.3500 
0.4000 
0.4500 
0.5000 
0.5500 
0.6000 
0.6500 
0.7000 
0.7500 
0.8000 
0.8500 
0.9000 
0.9500 
1.0000
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The following results apply to segment 4 i.e., DWELL
Normalised cam 
rotation 
0.0000 
0.1000 
0.2000 
0.3000 
0.4000 
0.5000 
0.6000 
0.7000 
0.8000 
0.9000
1.0000
q
Would you like to view the other display ?
n
Fig.4.4 (contd.)
I
Dimensionless pitch curve 
radius of curvature 
0.8831 
0.8831 
0.8831 
0.8831 
0.8831 
0.8831 
0.8831 
0.8831 
0.8831 
0.8831 
0.8831
r e s u l t s  are not p r e s e n t e d  in these i n c r e m e n t a l  s t e p s  since 
they w o u l d  o t h e r w i s e  take up a lot of space. The n o r m a l i s e d  
cam rotation i n t e r v a l  is p a r t i c u l a r l y  l a r g e  in the d w e l l s  
wh ere the radius of c u r v a t u r e  v a l u e s  are c o n s t a n t  at their 
v a l u e s  at the end of the n o n - d w e l l  s e g m e n t s  i m m e d i a t e l y  
preceding them (the dwells).
The module was run u s i n g  data from F e n t o n  & Lo [18]. The 
input specifications were:
Rise segment a n g l e  = 120 deg
Outer dwell segment angle = 60 deg
Return segment angle = 120 deg
Inner dwell segment angle = 60 deg
Limiting pressure angle in rise = 1.9.46 deg (absolute value)
Law = cycloidal
Roller radius = 22.96 mm
Output from Fenton & Lo:
Dimensionless prime circle radius = 1.357
Dimensionless f o l l o w e r  offset = 0.452
F r o m  a run of G E O M E T R Y  M 0 D U L E 1 , w h e r e  p r e s s u r e  a n g l e  is 
controlled in the rise only (as in Fenton & Lo),the following 
output is obtained:
Dimensionless f o l l o w e r  offset = 0.45
4 -2 1
Dimensionless prime circle radius = 1.351
S u b s e q u e n t l y  r u n n i n g  the R A D I U S  OF C U R V A T U R E  M O D U L E  the 
f o l l o w i n g  results are got:
Minimum dimensionless convex pitch curve radius of curvature
= 1 .287 1
M i n i m u m  d i m e n s i o n l e s s  c o n c a v e  p i t c h  c u r v e  r a d i u s  o f  
curvature = -2 2 . 7 9 9 0
C o r r e s p o n d i n g  to the a b o v e  t w o  va 1 u e s ,F e n t o n  & Lo  
have,respectively , 1 .2 8 6 6 & -2 2 . 6 8 3 9
4.5 DISCUSSION OF THE CONTACT STRESS/UNDERCUTTING ALGORITHM
R e f e r r e d  to in F i g . 4.5 a n d  a p p e n d i x  C2 as the H E R T Z  
S T R E S S / U N D E R C U T T I N G  P R E V E N T I O N  a l g o r i t h m , t h i s  a l g o r i t h m  
in f a c t  c o m p u t e s  ranges for the s e l e c t i o n  of the r o l l e r  and 
c u t t e r  s i zes such that a r o l l e r  and c u tter c h o s e n  from the 
r e s p e c t i v e  r a nges w i l l  not o n l y  e n s u r e  that the m a x i m u m  
a l l o w a b l e  c o m p r e s s i v e , o r  H e r t z , s t r e s s  at the c a m / f o l l o w e r  
i n t e r f a c e  is not s u r p a s s e d ,but a l s o  p r e v e n t  u n d e r c u t t i n g  
(both convex and concave).
As can be seen from a p p e n d i x  C 2 , f i l e s  c r e a t e d  by both the 
R A D I U S  OF C U R V A T U R E  M O D U L E  ( d i s c u s s e d  in the last s e c t i o n )  
and the FORCE ANALYSIS MODULE (discussed in the last chapter)
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Fig.4.5 Initial Hertz stress evaluation/undercutting
prevention algorithm (roller/cutter size selection)
/ I N P U T  
[Files From 
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modules Files
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/ RoLtLAb 
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Fig.4.5 (contd.)
are used (intact or editted) in the algorithm presently being 
d i s c u s s e d .  The d i m e n s i o n l e s s  m i n i m u m  c o n v e x  and c o n c a v e  
p i t c h  c u r v e  r a d i i  o f  c u r v a t u r e , M I N R H O  a n d  
R H O M I N ,r e s p e c t i v e l y ,are used in conjunction with the f o l l o w e r  
s t r o k e ,S T R O K E ,to establish the r o l l e r  and cutter size ranges 
n e c e s s a r y  to p r e v e n t  b o t h  c o n v e x  a n d  c o n c a v e  c a m  
undercutting.
With respect to the roller (see eqn.4.1),
ROLRAD < MINRHO * STROKE 
to prevent convex cam undercutting.
With respect to the cutter (see eqn. 4.2),
C U T R A D  < ABS(R HO MIN * S T R O K E  - ROLRAD) 
to prevent concave cam undercutting.
EON E  and ET W O , t h e  M o d u l i i  of e l a s t i c i t y  of the cam and 
r o l l e r  m a t e r i a l s  r e s p e c t i  v e 1 y , a n d  N U O N E  a n d  N U T W O ,t h e  
P o i s son's ratio of the r e s p e c t i v e  m a t e r i a 1 s ,are i n t r i n s i c  
m a t e r i a l  p r o p e r t i e s  that w o u l d  n e e d  to be s p e c i f i e d  by the 
d e s i g n e r .  T h e s e  t wo p a i r s  of c a m  a n d  r o l l e r  m a t e r i a l  
constants give the constants K1 and K2,given by:
(1 - NUONE2 )
K 1 = ---------------- (4. 1 0a)
PI*E0NE
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(1 - NUTWO2 )
K2 (4. 1.0b)
PI*ETWO
W h e n  the m i n i m u m  c o n v e x  and c o n c a v e  p i tch c u r v e  r a d i i  of
curvature (MINRHQ*STRQKE & R H O M I N *S T R 0 K E ,r e s p e c t i v e 1 y ) are 
d i s p l a y e d  (see Fig,4.5 & a p p e n d i x  C2),the d e s i g n e r ,a s s u m i n g  
h e / s h e  does not h a v e  a v a l u e  for the n e c e s s a r y  m a x i m u m  
a l l o w a b l e  c o m p r e s s i v e  s t r e s s , w o u l d  need to c h o o s e  e i t h e r  
o p t i o n  (b) or (c). H a v i n g  run the F O RCE A N A L Y S I S  M O D U L E  and 
o b t a i n e d  the r o l l e r  b e a r i n g  d a t a , t h i s  data is u s e d  in 
c o n j u n c t i o n  with a m a n u f a c t u r e r ’s c a t a l o g u e  to f ind the 
a p p r o p r i a t e  r o l l e r  size for use in o p t i o n  (b). The m o d u l e  
w i l l  then compute the c o r r e s p o n d i n g  hertz s t r e s s  (see 
eqn.4.6). Note that this is the H e rtz s t ress at the m a x i m u m  
c o n t a c t  force,not n e c e s s a r i l y  the peak H e rtz s t r e s s  in the 
e n t i r e  c a m  m o t i o n .  F o r  g i v e n  c a m  an d  r o l l e r  m a t e r i a l  
c o n s t a n t s , K 1 & K 2 ,and f o r  a g i v e n  c a m  w i d t h ,W I D T H ,t he 
f o l l o w i n g  relationships,o b s e r v a b l e  from eqn.4.6,i.e.
show that unless the maximum v a l u e  of (1/Rrel) f a lls at the 
s a m e  l o c a t i o n  as the m a x i m u m  c o n t a c t  force, F c m ,the peak 
Hertz stress does not n ecessarily fall at the location of the 
m a x i m u m  c o n t a c t  f o rce. In t h e  e v e n t  of ( 1 / R r e l )  b e i n g
fzinax
(4.11)
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insignificant compared to F c all around the earn profile,the 
peak Hertz s t r e s s  may w e l l  f a l l  at the l o c a t i o n  of the 
maximum contact force.
It can be s een from eqn.4,8 that w h a t e v e r  the v a l u e  of the 
c a m  p r o f i l e  r a d i u s  of c u r v a t u r e  a n y w h e r e  a r o u n d  the 
p r o f i 1 e ,w h e t h e r  n e a r l y  the same as or c o n s i d e r a b l y  l a r g e r  
than the r o l l e r  r a d i u s ,(1/ R r e 1) is likely to be small. Except 
for l i g h t l y  l o a d e d  c a m s , t h e  m a g n i t u d e  of the c o n t a c t  force 
a n y  w h e r e  a r o u n d  t h e  c a m  p r o f i l e  is l i k e l y  to be 
s i g n i f i c a n t l y  h i g h e r  t h a n  the c o r r e s p o n d i n g  v a l u e  of 
(1/Rrel). Therefore the contribution of the contact force to 
the H e r t z  s t r e s s  a n y w h e r e  a r o u n d  t h e  p r o f i l e  w i l l , i n  
g e n e r a l , b e  more s i g n i f i c a n t  than'that of the r e c i p r o c a l  of 
the relative radius (1/Rrel). Given this conclusion,the Hertz 
stress at the m a x i m u m  c o n t a c t  force is not l i k e l y  to d i f f e r  
very s i g n i f i c a n t l y  f rom the peak H e rtz s t r e s s  s h o u l d  that 
peak v a l u e  f a l l  at a p o i n t  other than the m a x i m u m  c o n t a c t  
f o r c e  l o c a t i o n .  T h e  d e s i g n e r  is t h u s  a s s u r e d  t h a t  
disastrously higher stresses than that at the maximum contact 
force are u n l i k e l y  to be encountered in service.
If the r o l l e r  s e l e c t e d  from the m a n u f a c t u r e r ’s c a t a l o g u e  
s h o u l d  h a v e  a r a d i u s  g r e a t e r  than the m i n i m u m  c o n v e x  p i tch 
c u r v e  radius of c u r v a t u r e ,and s t i l l  a s s u m i n g  the d e s i g n e r  
does not have a value for the maximum a l l o w a b l e  compressive 
s t r e s s , o p t i o n (c) (Fig. 4. 5) w o u l d  be t h e  o n l y  o t h e r
4-2 7
a l t e r n a t i v e .
It has to be remarked that the situations highlighted above 
so far,which would warrant the choice of either option (b) or 
(c),do not normally arise in practice. In other words,a value 
for the maximum a l l o w a b l e  compressive stress would normally 
be known. C o n s e q u e n t 1 y ,o p t i o n  (a) w o u l d  be the more l i k e l y  
option in any given disc cam design situation.
With option (a) the necessary lower and upper limits on the 
size of roller,RMIN & R M A X , r e s p e c t i v e 1y ,are c a l c ulated using 
e q n .4.9 .
T h u s , t h e  f o l l o w i n g  (see F i g . 4.5 & eqns.4,1 & 4.9) are the
two c o n d i t i o n s  the r o l l e r  mus t  s i m u l t a n e o u s l y  sa t i s f y  to 
a v o i d  both c o n v e x  cam u n d e r c u t t i n g  and the p o s s i b i l i t y  of 
e x c e e d i n g  the m a x i m u m  a l l o w a b l e  c o m p r e s s i v e  stress (the 
contact stress criterion):
0 < ROLRAD < MINRHO * STROKE 
RMIN < ROLRAD < RMAX
4.5.1 THE CONTACT STRESS/UNDERCUTTING MODULE
F i g u r e  4.6 shows a t y p i c a l  t e r m i n a l  s e s s i o n  t h r o u g h  the 
CONTACT STRESS/UNDERCUTTING MODULE. Error traps exist at the 
r o 1 1 e r / c u t t e r  radius input s t a g e s  p r e v e n t i n g  the input of
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* DICADES
*
* ** CONTACT STRESS/UNDERCUTTING MODULE **
 *   ~
*
*
*
* the RADIUS OF CURVATURE MODULE.
*
* Minimum dimensionless convex pitch curve*
* radius of curvature: 0 .883100
*
*
* Minimum dimensionless concave pitch curve
*
* radius of curvature: -1.37729
*
* OK to use them in this module? - yes/no
i t * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
y********************************************************
* DICADES*
* ** CONTACT STRESS/UNDERCUTTING MODULE **
********************************************************
The following results have been obtained from
* The following results have been obtained from*
* the previous module(s):
*
* Follower stroke(m): 5.Q00000E-02*
* Maximum earn/follower*
* contact force(N): 4318.04
*
Dimensionless pitch curve radius of curvature**
* at maximum contact force: 2.04133
* *
* OK to use them in this module? - yes/no *
ft********************************************************
y
Fig.4.6
TERMINAL SESSION THROUGH CONTACT STRESS/UNDERCUTTING MODULE
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*»»***#***#**»***#*»******#»**»»#******»*#»****#*«*#*«*
DICADES
*# CONTACT STRESS/UNDERCUTTING MODULE »«
Enter young"s modulus for cam material (N/m**2)
#****»#»**»**»*»»*#»»*#♦#***»#***#*»*«#*»#♦*#**#**«»*»**
2.06E11
DICADES
** CONTACT STRESS/UNDERCUTTING MODULE **
Enter young"s modulus for roller material(N/m**2)
**»»**#**»»#*»#**#*##***#*»##♦»****»##*##***»*»»*******(
06E11
ft*#####*#******************#*#*##**##*****##**####******
DICADES
** CONTACT STRESS/UNDERCUTTING MODULE **
Enter poisson"s ratio for cam material 
(dimensionless)
*»««»*»***•*•»»****»»**«»**«»*«»**»**«»«*»*«****«**»*»*«
0.3
DICADES
** CONTACT STRESS/UNDERCUTTING MODULE **
Enter poisson"s ratio for roller material 
(dimensionless)
0.3*•«**«*»«»****»«»*»*«**#**»•««**»««*««•»««*»««*»••«*»**
DICADES
** CONTACT STRESS/UNDERCUTTING MODULE **
Enter cam/follower contact width (m)
0.025
Fig.4.6 (contd.)
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ftftftftftftftftftftftftftftftftftftftftftftftttftftftftftftftftftttftftftftftftftftftftftftftftftftftftftftftftft
* ■ DICADES *
* ** CONTACT STRESS/UNDERCUTTING MODULE ** *
* The minimum convex pitch curve *
* radius of curvature Cm) is 4.415500E-02
»*»*»**»*#****»**»********»»*»*»»***#*»»****#*«»»#*******
*** PAUSE Type- S - to continue
« * * « * « * * « » * * » • *
* DICADES *
* ** CONTACT STRESS/UNDERCUTTING MODULE ** *
* The minimum concave pitch curve *
* radius of curvature (m) is -6.886449E-02
ftftftftftftftftftftftftftttftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftft*
*** PAUSE Type- S - to continue
*«**«***«*•«*««»****»*««**«*»**************«»*«««»****»*«
* DICADES *
* ** CONTACT STRESS/UNDERCUTTING MODULE ** *
* Below are three possible lines of action'you may take:*
* A) You can choose to enter a value for the maximum *
* allowable cam/follower hertz (i.e.compressive) *
* stress. This module will then provide you with a *
* range of acceptable roller sizes. *
* B) You can elect to enter a value for the roller *
* radius,less than the minimum convex pitch curve *
* radius of curvature.This module will compute the *
* hertz stress, c) You can opt for a bigger cam. **ft*«ft»ftft«ft*«*ft««»»*«»ftftftft*ftftft«*ft*ft«ft»««ft«ft»»ftft*ftft«ftft«»»ftft
*** PAUSE Type- S - to continue
Fig.4.6 (contd.)
*******************************************************
** CONTINUATION **
Option (c) implies a larger prime circle radius. 
Although highly unlikely,we assume a situation 
where you neither have a value for the hertz 
stress,nor a smaller roller than the minimum 
convex pitch curve radius of curvature.You 
therefore would doubtless need a larger cam to 
accommodate your roller.
In that case,this module will send you to SUB_MENU1 
from where you can run the GEOMETRY MODULE.
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
** PAUSE Type- S - to continue
********************************************************
DICADES *
*
** CONTACT STRESS/UNDERCUTTING MODULE ** *
«
Now enter desired option : a/b/c' *
*
********************************************************
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
DICADES **
** CONTACT STRESS/UNDERCUTTING MODULE ** *
Enter maximum allowable contact(heftz)stress (N/m**2) * 
*
r * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
1.58E9
Fig.4.6 (contd.)
DICADES
** CONTACT STRESS/UNDERCUTTING MODULE **
The lower limit for
the roller radius (m) is 2.652036E-03 
The upper limit for
the roller radius (m) is 4.150296E-02
ft#*****##***#*##****#*#*******##***##****####*##**##***
** PAUSE Type- S - to continue
«««*«*«»*****«*««»««*»»********«»»»«»*»**«*««*»»**»««««
DICADES
** CONTACT STRESS/UNDERCUTTING MODULE **
Enter suitable roller radius from within the 
given range and,at the same time,being less 
than the minimum convex pitch curve radius of 
curvature(m), 4.415500E-02
ft******************************************************
04
DICADES
>» CONTACT STRESS/UNDERCUTTING MODULE **
Concave cam undercutting is prevented by using 
a cutter with radius (m) less than 0.108865
Now enter suitable cutter radius (m)
(ft******************************************************
0.08
Fig.4.6 (contd.)
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*****«*»**ft*#****»****»#*ft»#»***#**»ft#*»*ftftft*»»**ft*ft»ft*ft
DICADES *
*
** CONTACT STRESS/UNDERCUTTING MODULE ** *
ft
You are now at the end of the CONTACT STRESS/ *
«
UNDERCUTTING MODULE after a successful run. **
*
With the established values of roller and *
*
cutter radii you can now run the PROFILE/CUTTER*
*
PATH CO-ORDINATES MODULE from SUB_MENU1,to give *
*
the cam profile and cutter coordinates. *
*
»»«««««»*««*»«««««»*«*******«»*««•*«*»*«»«»««*«*«««*«*»*
** PAUSE Type- S - to go to SUB MENU 1
Fig.4 .6 (contd.)
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values outside the recommended limits. The roller and cutter 
radii can,if desired, be used in the PROFILE/CUTTER PATH C O ­
ORDINATES MODULE (discussed in the next chapter) for the cam 
profile co-ordinates determination.
4.6 SUMMARY
The cam p r o f i l e  c u r v a t u r e  and the c a m / f o l l o w e r  c o n t a c t  
s t r e s s  i n f l u e n c e  the e v e n t u a l  size of cam. I n a d e q u a t e  
curvature of the profile makes it impossible for the f o l l o w e r  
r o l l e r  to go a l o n g  its d e s i r e d  path a r o u n d  the cam. Whe n  this 
situatio.n a r i s e s , u n d e r c u t t i n g  is sai d  to occur. T h e r e  is 
convex cam undercutting which occurs when the roller radius 
is g r e a t e r  than the m i n i m u m  convex- pitch c u r v e  r a d i u s  of 
curvature. Concave cam undercutting happens when the cutter 
r a d i u s  is g r e a t e r  than the m a g n i t u d e  of the m i n i m u m  c o n c a v e  
cam p r o f i l e  radius of c u r v a t u r e .  Both s i t u a t i o n s  m ust "be 
a voided in disc cam design.
W i t h  r e s p e c t  to c a m / f o l l o w e r  c o n t a c t  s t r e sses, the c y c l i c  
n a t u r e  of these s t r e s s e s  may r e s u l t  in e v e n t u a l  f a t i g u e  
f a i l u r e  of both the cam and r o l l e r  m a t e r i a l s  . This f a i l u r e  
mode is m a r k e d  by p i t t i n g  of the s u r f a c e s  of these m a t i n g  
members. To design for fatigue,the maximum contact stress at 
the cam/follower interface must be limited to the a l l o w a b l e  
maximum for the two materials,
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Two algorithms presented in this chapter combine to ensure 
that the foregoing u ndesirable situations are a v o i d e d  in disc 
cam design. The r a d i u s  of c u r v a t u r e  a l g o r i t h m  c o m p u t e s  the 
pitch curve radius of curvature at incremental steps around 
the earn p r o f i 1 e ,e s t a b 1 i s h i n g  in the p r o c e s s  the m i n i m u m  
c o n v e x  and c o n c a v e  v a l u e s  and the v a l u e  at the m a x i m u m  
contact force. This data is subsequently used in the eontaet 
stress/undercutting algorithm.
In a d d i t i o n  to d a t a  f r o m  the r a d i u s  of c u r v a t u r e  
a 1 gorithm, the contact stress/undercutting a l g o r i t h m  uses the 
cam and r o l l e r  m e c h a n i c a l  p r o p e r t i e s  (Young's M o d u l u s  & 
Poisson's ratio),to establish ranges for both the r o l l e r  and 
cutter sizes necessary to avoid both undercutting (convex & 
c o n c a v e )  and e x c e e d i n g  the m a x i m u m  a l l o w a b l e  c o m p r e s s i v e  
stress in the entire earn motion.
Typical runs of the corresponding modules (corresponding to 
the algorithms) are presented and the results discussed. The 
m o d u 1 e s ,t h o u g h  a b l e  to a c c e s s  a n d , a t  t h e  d e s i g n e r ' s  
d i s c r e t i o n ,use data from p r e v i o u s  modules,are neve r t h e l e s s  
stand-alone modules which can be run with data drawn from any 
source. Error traps exist to ensure that the designer inputs 
meaningful data. Results from the modules can be accessed and 
u s e d  by the P R O F I L E / C U T T E R  P A T H  C O - O R D I N A T E S  M O D U L E  
(discussed in the next c h a p t e r )  for the earn p r o f i l e  c o ­
ordinates determination.
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CHAPTER 5
CAM PROFILE DETERMINATION
5.1 INTRODUCTION
The previous three chapters have shown the means adopted to 
s a t i s f y  t he l i m i t i n g  c o n d i t i o n s  i m p o s e d  by k i n e m a t i c  
c o n s t r a i n t s  and s t r e n g t h  l i m i t a t i o n s  e n c o u n t e r e d  in cam 
design. By satisfying these c o n s t r a i n t s ,the optimum sequence 
of a n a l y s i s  has been e n s ured. The design has thus d e v e l o p e d  
to the point w h e r e  the n e c e s s a r y  data for the cam p r o f i l e  
determination has been established. The relevant data is:
5.1.1 the prime circle radius
5 .1 . 2  the follower offset
5.1.3 the r o ller radius
5.1.4 the cutter radius
5.1.5 the segment angles for the various motion segments
5 .1 . 6  the follower lift
T h i s  c h a p t e r  p r e s e n t s  the n e c e s s a r y  e q u a t i o n s  for the 
determination of the co-ordinates of the cam p r o f i l e , r o 1 ler 
and c u t t e r  paths. The e q u a t i o n s  are p r e s e n t e d  in two c o ­
ordinate f o rmats:polar and cartesian.
A f t e r  d i s c u s s i n g  the a l g o r i t h m  d e v e l o p e d  for t h e s e  c o ­
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ordinate computations, a typical run of the associated program 
t o g e t h e r  with the r e s u l t s  f r o m  it is presented. T h e n  a p l o t  
of the profile,the r o l l e r  and cutter paths at the appropriate 
offset is shown.
5.2 GRAPHICAL APPROACH TO CAM DESIGN IN BRIEF
In addition to the a n a l y t i c a l  approach used in this chapter 
for the cam p r o f i l e  d e t e r m i n a t i o n ,there is the g r a p h i c a l  
a p p r o a c h .  This i n v o l v e s  " f i x i n g "  the cam and l o c a t i n g  the 
f o l l o w e r  around it at d i f f e r e n t  positions c o r r e s p o n d i n g  to 
different cam rotation angles. The envelope of the follower 
profiles forms the cam profile.
A p a r t  from the fact that this e m p i r i c a l  a p p r o a c h  to cam 
d e s i g n  is tedious,the fact that the f a b r i c a t i o n  of the cam 
r e l i e s  on s c r i b i n g  l i n e s  on the cam b l ank [ 3 7 ] (a p r o c e s s  
that has inherent a c c u r a c y  l i m i t a t i o n s )  m e a n s  that the 
a p p r o a c h  can only find a c c e p t a b i l i t y  in lo w  s p e e d  cam 
applications, where p r ofile i n a c c u r a c y  does not significantly 
affect the dynamic performance of the mechanism (see 5 .3 ).
No f u r t h e r  c o n s i d e r a t i o n  w i l l  be g i ven to t his g r a p h i c a l  
t e c h n i q u e , r e f e r e n c e  b e i n g  m a d e  to the f o l l o w i n g  for a more 
detailed treatment:K e p 1 er [24 ], Rothbart [371,and Chen [4].
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5.3 CAM PROFILE CO-ORDINATES DETERMINATION
Inaccuracies in the cam profile lead to very large ,unpredi­
c t a b l e  a c c e l e r a t i o n s  (and h e n c e  high c o n t a c t  s t r e s s e s  and 
v i b r a t i o n )  ([37],[4]). S u c h  v i b r a t i o n  c a u s e s  p o s i t i o n a l  
inaccuracy of the f o l l o w i n g  system:the actual displacement 
curve will not be coincident with the desired (kinematically- 
d e r i v e d )  curve. T h e r e f o r e  p r e c i s i o n  is n e e d e d  in the cam 
profile determination. An accurate theoretical determination 
of the profile must be accompanied by an accurate cutting of 
that profile if the advantage of the mathematical approach is 
to be realised. A modern X-Y n u m e r i c a l l y - c o n t r o l l e d  machine 
is c a p a b l e  of o p e r a t i n g  to an ac c u r a c y  of the o r d e r  of +/- 
0 .0 2 mm,this being the maximum amount of dimensional variation 
from the t h e o r e t i c a l  cam p r o f i l e .  Which is why the p r o f i l e  
co-ordinates at incremental angular displacements of the cam 
are given in rectangular (or cartesian) format (see Fig.5.1 ). 
F i g u r e  5.1 a l s o  s h ows the p o l a r  format a l t e r n a t i v e .  This 
l a t t e r  format Is u sed w h e n  the cam is m a n u f a c t u r e d  u s i n g  a 
m i l l i n g  machine and a rotary table.
The cartesian co-ordinates for the cam profile are given by 
the following equations [9 3 :
x = E cos + ym sin <j>_ - Rr sin (6, - ei)P ■ 0 L *-
y p= -E sin , ^ +  ym cos |!. - Rr cos (<^ - $0 (5.1)
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Fig.5.1 Cartesian and polar co-ordinates of cam profile, 
and roller centre [9]
Fig.5.2 Cartesian and polar co-ordinates of cutter path [9]
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The corresponding polar co-ordinates are given by:
0 p = t an’ 1 (yp/xp ) (5.2)
Putting the roller r a d i u s ,R r ,e q u a 1 to zero in eqn.5.1 gives 
the pitch curve co-ordinates:
Note that ^.is defined by eqn.1.1 , i-t. il ~ 4 - <&>
5.4 CUTTER PATH CO-ORDINATES DETERMINATION
The c u t t e r  path c o - o r d i n a t e s , l i k e  those d e f i n i n g  the cam 
p r o f i l e  and pitch c u r v e , a r e  g i v e n  in c a r t e s i a n  and polar, 
format (see Fig.5.2). The p o l a r  format version would be used 
if a m i l l i n g  machine/rotary table combination is e m p l o y e d  to
x = E cos
y = -E sin ^ + ym cos <$£ (5.3)
with polar equivalents:
9 = tan" ' (y/x) (5.4)
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cut the cam. The appropriate equations are [9]:
C a r t e s i a n :
x g = E c o s . jj. + y ras in - (Rr - Rg) sin ( -  eC)
yg = -E sin + ym cos yj. - (Rr - Rg) cos (£. - £) (5.5 )
P o l a r :
tan" (yg /xg ) (5.6)
If the cutter is the same size as the r o 1 1 e r ,eqn.5.5 reduces 
to the pitch curve co-ordinates equation, i.e.5 .3
5.5 D I S C U S S I O N  OF THE P R 0 F I L E /CUTTER PATH C O - O R D I N A T E S  
ALGORITHM
T he a l g o r i t h m  for the c a l c u l a t i o n  of the c o - o r d i n a t e s  (in 
p o l a r  and c a r t e s i a n  format) of the cam pr of i 1 e , ro 1 1 er and 
c u t t e r  paths is shown in F i g . 5.3. It may be n e c e s s a r y  to 
refer to "Notation and units" for the explanation of notation 
u s e d .
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Fig.5.3 Cam profile/cutter path/pitch curve co-ordinates 
calculation algorithm
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As s h o w n  in Fig.5.3,the f i l e s  from the p r e v i o u s  m o d u l e s  
i n c l u d e  those c r e a t e d  w h e n  the f o l l o w i n g  m o d u l e s  wer e  most 
recently run:GE0METRY,FORCE ANALYSIS,& CONTACT S T R E S S / U N D E R ­
C U T TING. The n e c e s s a r y  d a t a  f r o m  these m o d u l e s  r e q u i r e d  for 
u se in the P R O F I L E / C U T T E R  PAT H  C O - O R D I N A T E S  a l g o r i t h m  is 
shown in the figure.
In the e v ent of any of t h e s e  m o d u l e s  not h a v i n g  b e e n  run 
b e f o r e  c o m i n g  to t h e  P R 0 F I L E  / C U T T E R  P A T H  C O - O R D I N A T E S  
module,the necessary data is requested of the designer. Where 
r e s t r i c t i o n s  h a v e  b een p l a c e d  on the m a g n i t u d e  of c e r t a i n  
data in the previous raodu1 e s ,these same restrictions apply in 
the algorithm presently being discussed. In particular, the 
the following restrictions must be noted:
0.001 <= DELTAU < 1
PREDEG >= 15 deg
S E GANG(M 1 ) >= 15 deg,where M1 = 6
F I Z E R O  is the cam a n g l e  of r o t a t i o n  at the b e g i n n i n g  of a 
m o t i o n  s e g ment (see eqn.1.1 ). Thus,it is e q u a l  to the v a l u e  
of FI (see next paragraph) at the end of the preceding motion 
s e g m e n t .  F o r  the f i r s t  m o t i o n  s e g m e n t ,F I Z E R 0 m u s t  be 
specified by the designer.
FI is the cam angle of rotation within a motion segment and 
is g i v e n  by e q n . 1.1 .
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* • DICADES *«
** PROFILE/CUTTER PATH CO-ORDINATES MODULE ** * «  •—  — —       ; «
The following results have been obtained from **
the previous raodule(s); *
*
*
Cam law:Cycloidal
*
Rise segment angle: 120.000
«
Limiting pressure angle: 25.0000
*
Normalised cam rotation increment: 1.000000E-02
*
«
OK to use them in this module? - yes/no *ftftftftftftvftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftft*
ftftftftftftftftftftftftftftftttftftftftttftftftftftftftttftftftftftftftftftftftftfttftftftftftftftftftftftftft
DICADES *
*
** PROFILE/CUTTER PATH CO-ORDINATES MODULE ** *~~— ~~~~~~~ ~—     ~~~~— ~— —   —
*
The following results have been obtained from *
ft
the SCREEN DISPLAYS SUB_MENU: *
«
«
Chosen dimensionless *
«
follower offset: 0.370000
*
Chosen dimensionless *
*
ftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftft
prime circle radius: 0.883100
OK to use them in this module? - yes/no»»ft#»«ft***»*»ftft»**#*ft***»*»»*»*»*#*#*ft»»**«tt»*»*ft**»**»#ft
y
Fig.5.4
TERMINAL SESSION THROUGH PROFILE/CUTTER PATH COORDINATES MODULE
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ftftftftftftttftftftftftftftftftftftftftftftftttftftftftftftftftftftftftftftftftttftftftftftftftftftftftftftftft
DICADES
** PROFILE/CUTTER PATH CO-ORDINATES MODULE ** *
*     ~  «
ft
The following results have been obtained from *
*
the previous module(s): *ft
Total number of segments: 4
»
Segment types:rise DWELL 
RETURNDWELL «
Segment angles: 120.000 60.0000
120.000 60.0000
#
OK to use them in this module? - yes/no *ftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftcftftftftftftftftftftftftftftftftftftftftftft
««»«*»««««»#««»«»•««««»««»«•««»»»««»«««»***«•»«»«»«•«»««
DICADES *«
** PROFILE/CUTTER PATH CO-ORDINATES MODULE ** *
The following result has been obtained from 
the FORCE ANALYSIS MODULE:
Follower stroke: 5.000000E-02
OK to use it in this module? - yes/noft**»*»ft***«****»*»*#ft**ft**ft»»**»»**********#»***»*****»
Fig.5.4 (contd.)
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*********************************************************
* ■ DICADES *
* ** PROFILE/CUTTER PATH CO-ORDINATES MODULE ** *
* *
* The following results have been obtained from *
* *
* the CONTACT STRESS/UNDERCUTTING MODULE: *• *
* Roller radius: 4.000000E-02
* Cutter radius: 8.000000E-02
* Cam/follower contact width: 2.500000E-02* *
* OK to use them in this module? - yes/no * *********************************************************
y*********************************************************
* DICADES *
* ** PROFILE/CUTTER PATH CO-ORDINATES MODULE ** *» —    — —  — — •— ~— ---- ~~~~— ~—   ~~*
* *
* Enter cam angle at start *
* *
* of first motion segment (degrees) *
*********************************************************
0ft****************************»****»•«**«*»***************
* DICADES *
* ** PROFILE/CUTTER PATH CO-ORDINATES MODULE ** * *  ~~~~— ~~-—   ~~~— ----------------- ’--*
* You are now at the end of the PROFILE/CUTTER PATH *
* *
* CO-ORDINATES MODULE after a successful run. *
•  *
* Tabulated/printed/plotted values of cam profile, *
* *
* cutter path,and pitch curve co-ordinates,in *
* cartesian and polar format,can be obtained from *
* *
* the ALPHANUMERIC DISPLAYS , PRINT-OUTS ,and *
* MEDUSA DISPLAYS/PLOTS options of the MAIN MENU ** *
* to which you can exit from SUB_MENU1. *
* *
*********************************************************
**** p a u s e Type- S - to go to SUB_MENU1
s
Fig.5.4 (contd.)
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* DICADES »
* ** COORDINATES **
*
* Results obtained from the most recent run of the«
* PROFILE/CUTTER PATH CO-ORDINATES MODULE will be
*
* displayed for your viewing.The following are the
«
* available options :
ft
* 1: Cartesian co-ordinates for the cam profile,
*
* cutter path,and pitch curve
«
* 2 : Polar co-ordinates for the cam profile,
ft
* cutter path,and pitch curve
*
*Remember:use the TEXT EDITOR commands,Print n,FILe,etc.
ftftftftftftftftftftftftftftttftftftftftftftftftftftftftftftftttftftftftftftftftftftftftftftftftftftftftftftftftft
ENTER NUMBER OF OPTION: 2
ftftftftttftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftftft
The following results apply to segment 1 i.e.,rise
R_PROFILE 6_PR0FILE R_CUTTER 0_CUTTER R PITCH 0_PITCH
(m) (deg) (m) (deg) (m) (deg)
0.004155 65.229843 0.084155 65.229874 0.044155 65.229874
0.004155 63.495476 0.084155 64.056458 0.044155 64.030045
0.004161 60.694717 0.084157 62.936905 0.044157 62.831306
0.004179 56.842125 0.084162 61 .872391 0.044163 61.634689
0.004225 51 .987823 0.084172 60.864052 0.044174 60.441277
0.004315 46.247231 0.084186 59.912918 0.044192 59.252098
0.004468 39.824951 0.084206 59.019966 0.044219 58.068184
0.004704 33.013123 0.084233 58. 185921 0.044256 56.890503
0.005040 26. 151546 0.084265 57.411240 0.044306 55.719994
0.005485 19.562145 0.084304 56.695999 0.044369 54.557579
0.006045 13.489204 0.084349 56.039803 0.044448 53.404083
0.006720 8.073595 0.084398 55.441666 0.044544 52.260300
0.007506 3.361867 0.084452 54.899925 0.044657 51.126907
0.008396 -0.665666 0.084510 54.412148 0.044791 50.004539
0.009384 -4.065943 0.084570 53.975006 0.044945 ‘48.893730
0.010459 -6.911211 0.084632 53.584335 0.045122 47.794922
0.011614 -9.276104 0.084695 53.234985 0.045321 46.708443
0.012837 - 11.230268 0.084758 52.920952 0.045546 45.634521
0.014119 - 12.836088 0.084824 52.635361 0.045795 44.573280
0.015449 -14.147959 0.084891 52.370682 0.046071 43.524727
0.016814 -15.212824 0.084961 52.118843 0.046374 42.488777
0.018205 -16.071136 0.085037 51.871468 0.046705 41.465210
0.019609 -16.757561 0.085121 51.620094 0.047064 40.453735
0.021015 -17.301929 0.085216 51 .356476 0.047452 39.453918
0.022414 -17.729885 0.085327 51.072762 0.047870 38.465286
Fig.5.4 (contd.)
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R_PROFILE 0_PROFILE R_CUTTER 0_CUTTER R__PITCH OJPITCH
; (m) (deg) (m) (deg) (m) (deg)
0.023795 -18.063442 0.085457 50.761734 0.048317 37.487236
0.025152 -18.321392 0.085610 50.416992 0.048794 36.519096
0.026476 -18.519695 0.085791 50.033043 0.049300 35.560143
0.027762 -18.671860 0.086004 49.605431 0.049837 34.609596
0.029005 -18.789162 0.086253 49.130676 0.050403 33.666603
0.030203 -18.880955 0.086541 48.606262 0.050998 32.730293
0.031353 -18.954857 0.086872 48.030678 0.051622 31.799797
0.032454 -19.017101 0.087247 47.403152 0.052275 30.874176
0.033506 -19.072609 0.087670 46.723709 0.052956 29.952534
0.034509 -19.125298 0.088140 45.992943 0.053663 29.033955
0.035464 -19.178165 0.088659 45.211960 0.054397 2 8.117542
0.036372 -19.233513 0.089227 44.382286 0.055156 27.202435
0.037235 -19.293083 0.089844 43.505714 0.055939 26.287781
0.038054 -19.358055 0.090509 42.584274 0.056745 25.372787
0.038832 -19.429298 0.091222 41.620117 0.057573 24.456673
0.039570 -19.507336 0.091980 40.615471 0.058422 23.538731
0.040271 -19.592476 0.092782 39.572601 0.059289 22.618271
0.040935 -19.684818 0.093627 38.493721 0.060173 21.694668
0.041564 -19.784294 0.094511 37.381050 0.061074 20.767361
0.042161 -19.890728 0.095433 36.236694 0.061988 19.835808
0,042726 -20.003845 0.096390 35.062691 0.062915 18.899548
0.043261 -20.123260 0.097379 33.860970 0.063852 17.958141
0.043767 -20.248566 0.098398 32.633385 0.064798 17.011227
0.044245 -20.379246 0.099443 31 .381634 0.065751 16.058460
0.044696 -20.514782 0.100512 30.107338 0.066709 15.099566
0.045121 -20.654587 0.101601 28.812008 0.067670 14.134285
0.045521 -20.798069 0.102707 27.497082 0.068633 13.162439
0.045896 -20.944611 0.103828 26.163879 0.069594 12.183849
0.046248 -21.093594 0.104959 24.813629 0.070552 11.198387
0.046578 -21 .244411 0.106098 23.447487 0.071506 10.205936
0.046886 -21.396427 0 .107241 22.066563 0.072453 9.206459
0.047173 -21.549137 0.108386 20.671898 0.073392 8.199892
0.047440 -21.702011 0.109528 19.264462 0.074320 7 . 186218
0.047689 -2 1.854652 0.110665 17.845184 0.075236 6 . 16543-4
0.047919 -22.006721 0.111794 16.414989 0.076138 5. 137566
0.048133 -22.157967 0.112911 14.974756 0.077025 4. 102673
0.048332 -22.308342 0.114013 13.525339 0.077894 3.060802
0.048517 -22.457890 0.115097 12.067572 0.078744 2.012015
0.048688 -22.606903 0.116161 10.602291 0.079574 0.956396
0.048849 -22.755791 0.117202 9.130306 0.080382 -0.105967
0.048999 -22.905197 0.118217 7.652476 0.081167 -1.174953
0.049141 -23.055988 0.119203 6.169619 0.081928 -2.250456
0.049276 -23.209236 0.120159 4.682558 0.082663 -3.332366
0.049405 -23.366276 0.121082 3.192138 0.083371 -4.420557
0.049529 -23.528591 0.121970 1 .699189 0.084053 -5.514901
0.049650 -23.697910 0.122821 0.204583 0.084706 -6.615248
0.049768 -23.876129 0.123635 -1.290857 0.085330 -7.721478
0.049885 -24.065315 0.124409 -2.786247 0.085925 -8.833422
0.050001 -24.267696 0.125143 -4.280768 ‘ 0.086489 -9.950966
0.050117 -24.485504 0.125835 -5.773544 0.087024 -11.073921
0.050233 -24.721134 0.126487 -7.263751 0.087528 -12.202150
0.050349 -24.976952 0.127096 -8.750559 0.088001 -13.335499
0.050465 -25.255360 0 .127664 -10.233154 0.088444 -14.473810
0.050581 -25.558678 0.128189 -11 .710749 0.088857 -15.616932
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0.050697 
;0.050812 
0.050925 
0.051036 
0.051143 
0.051247 
0.051346 
0.051439 
0.051526 
0.051606 
0.051678 
0.051742 
0.051798 
0.051845 
0.051884 
0.051915 
0.051938 
0.051954 
0.051964 
0.051970 
0.051972 
0.051972
*25.889126 
-26.248875 
■26.639935 
-27.064167 
-27.523285 
*28.018822 
-28.552128 
■29.124432 
-29.736801 
-30.390060 
-31.085052 
-31.822372 
-32.602577 
-33.426117 
-34.293320 
-35.204521 
■36.159912 
■37.159706 
-38.204010 
•39.292824 
•40.426216 
•41 .604065
0.128674 
0.129118 
0.129523 
0.129889 
0.130218 
0.130511 
0.130771 
0.130998 
0.131194 
0.131363 
0.131505 
0.131623 
0.131719 
0.131795 
0.131855 
0.131899 
0.131930 
0.131951 
0.131963 
0.131970 
0.131972 
0.131972
-13.182531 
-14.647762 
-16.105698 
-17.555622 
-18.996853 
-20.428726 
-2 1.850567 
-23.261776 
-24.661774 
-26.049942 
-27.425762 
-28.788681 
-30.138184 
-31.473785 
-32.794991 
-34.101326 
-35.392365 
-36.667679 
-37.926880 
-39.169540 
-40.395378 
-41.604065
0.089239 
0.089592 
0.089915 
0.090210 
0.090478 
0.090718 
0.090932 
0.091122 
0.091288 
0.091431 
0.091554 
0.091656 
0.091741 
0.091809 
0.091863 
0.091903 
0.091932 
0.091952 
0.091964 
0.091970 
0.091972 
0.091972
The following results apply to segment 2 i.e.,DWELL
R_PR0FILE
(m)
0.051972
0.051972
0.051972
0.051972
0.051972
0.051972
0.051972
0.051972
0.051972
0.051972
0.051972
0.051972
0.051972
0.051972
0.051972
0.051972
0.051972
0.051972
0.051972
0.051972
0.051972
0.051972
0.051972
0.051972
0.051972
0.051972
0.051972
0_PROFILE
(deg)
-41 .604065 
•42.204079 
-42.804077 
-43.404068 
•44.004074 
-44.604073 
•45.204063 
■45.804047 
-46.404083 
•47.004074 
-47.604057 
•48.204079 
-48.804077 
■49.404060 
-50.004082 
-50.604065 
-51.204056 
■51.804077 
-52.404068 
•53.004059 
■53.604073 
-54.204079 
-54.804062 
-55.404083 
-56.004074 
-56.604057 
-57.204079
R_CUTTER (m) 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972
0_CUTTER 
(deg) 
-41.604057 
-42.204079 
-42.804077 
-43.404068 
-44.004082 
-44.604073 
-45.204056 
-45.804047 
-46.404076 
-47.004066 
-47.604050 
-48.204079 
-48.804070 
-49.404053 
-50.004074 
-50.604065 
-51.204056 
-51.804077 
-52.404068 
-53.004059 
-53.604073 
-54.204071 
-54.804062 
-55.404076 
-56.004074 
-56.604057 
-57.204079
R_PITCH
(m)
0.091972
0.091972
0.091972
0.091972
0.091972
0.091972
0.091972
0.091972
0.091972
0.091972
0.091972
0.091972
0.091972
0.091972
0.091972
0.091972
0.091972
0.091972
0,091972
0.091972
0.091972
0.091972
0.091972
0.091972
0.091972
0.091972
0.091972
-16 *764664
-17.916862
-19.073353
-20.233955
-21.398502
-22.566807
-23.738663
-24.913895
-26.092319
-27.273701
-28.457874
-29.644608
-30.833687
-32.024925.
-33.218071
-34.412895
■35.609169
-36.806679
-38.005173
•39.204369
-40.404099
-41,604065
0_PITCH 
(deg) 
-41.604065 
-42.204079 
-42.804070 
•43.404068 
-44.004082 
•44.604065 
-45.204056 
-45.804047 
-46.404076 
-47.004066 
-47.604050 
-48.204086 
•48.804070 
-49.404053 
-50.004074 
•50.604065 
•51.204056 
-51.804077 
-52,404068 
-53.004059 
■53.604073 
-54.204063 
-54.804054 
-55.404076 
-56.004074 
•56.604057 
-57.204079
Fig.5.4 (contd.)
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R_PROFILE 0__PROFILE R__CUTTER 0__CUTTER R_PITCH 0__PITCH
: (m) (deg) (m) (deg) Cm) (deg)
0.051972 -57.804054 0 .131972 -57.804070 0.091972 -57.804070
0.051972 -58.404060 0 131972 -58.404045 0.091972 -58.404060
0.051972 -59.004082 0 131972 -59.004082 0.091972 -59.004082
0.051972 -59.604073 0 131972 -59.604073 0.091972 -59.604073
0.051972 -60.204063 0 131972 -60.204063 0.091972 -60.204063
0.051972 -60.804085 0 131972 -60.804085 0.091972 -60.804085
0.051972 -61.404083 0 131972 -61 .404076 0.091972 -61.404076
0.051972 -62.004066 0 131972 -62.004066 0.091972 -62.004066
0.051972 -62.604057 0 131972 -62.604057 0.091972 -62.604042
0.051972 -63.204071 0 131972 -63.204063 0.091972 -63.204071
0.051972 -63.804062 0 131972 -63.804054 0.091972 -63.804054
0.051972 -64.404083 0 131972 -64.404083 0.091972 -64.404083
0.051972 -65.004074 0 131972 -65.004059 0.091972 -65.004059
0.051972 -65.604065 0 131972 -65.604065 0.091972 -65.604050
0.051972 -66.204056 0 131972 -66.204056 0.091972 -66.204056
0.051972 -66.804077 0 131972 -66.804062 0.091972 -66.804062
0.051972 -67.404068 0 131972 -67.404053 0.091972 -67.404053
0.051972 -68.004059 0 131972 -68.004059 0.091972 -68.004059
0.051972 -68.604065 0 131972 -68.604080 0.091972 -68.604065
0.051972 -69.204071 0 131972 -69.204071 0.091972 -69.204071
0.051972 -69.804062 0 131972 -69.804047 0.091972 -69.804047
0.051972 -70.404083 0 131972 -70.404083 0.091972 -70.404068
0.051972 -71.004074 0 131972 -71 .004059 0.091972 -71.004059
0.051972 -71.604065 0 131972 -71.604065 0.091972 -71.604065
0.051972 -72.204071 0 131972 -72.204071 0.091972 -72.204071
0.051972 -72.804062 0 131972 -72.804062 0.091972 -72.804062
0.051972 -73.404053 0 131972 -73.404053 0.091972 -73.404053
0.051972 -74.004059 0 131972 -74.004059 0.091972 -74.004059
0.051972 -74.604065 0 131972 -74.604050 0.091972 -74.604050
0.051972 -75.204041 0 131972 -75.204041 0.091972 -75.204041
0.051972 -75.804077 0 131972 -75.804062 0.091972 -75.804062
0.051972 -76.404068 0 131972 -76.404068 0.091972 -76.404068
0.051972 -77.004059 0 131972 -77.004044 0.091972 -77.004044
0.051972 -77.604080 0 131972 -77.604065 0.091972 -77.604080
0.051972 -78.204071 0 131972 -78.204056 0.091972 -78.204071
0.051972 -78.804062 0 131972 -78.804047 0.091972 -78.804062
0.051972 -79.404083 0 131972 -79.404068 0.091972 -79.404068
0.051972 -80.004074 0 131972 -80.004059 0.091972 -80.004059
0.051972 -80.604065 0 131972 -80.604065 0.091972 -80.604065
0.051972 -81.204056 0 131972 -81.204041 0.091972 -81.204041
0.051972 -81.804077 0 131972 -8 1 .804077 0.091972 -81.804077
0.051972 -82.404068 0 131972 -82.404068 0.091972 -82.404068
0.051972 -83.004059 0 131972 -83.004044 0.091972 -83.004059
0.051972 -83.604080 0 131972 -83.604065 0.091972 -83.604080
0.051972 -84.204071 0 131972 -84.204056 0.091972 -84.204056
0.051972 -84.804077 0 131972 -84.804077 0.091972 -84.804077
0.051972 -85.404068 0 131972 -85.404068 0.091972 -85.404068
0.051972 -86.004059 0 131972 -86.004059 0.091972 -86.004059
0.051972 -86.604050 0 131972 -86.604050 0.091972 -86.604050
0.051972 -87.204071 0 131972 -87.204056 0.091972 -87.204071
0.051972 -87.804062 0 131972 -87.804047 0.091972 -87.804062
0.051972 -88.404053 0 131972 -88.404037 0.091972 -88.404037
0.051972 -89.004074 0 131972 -89.004059 0.091972 -89.004074
0.051972 -89.604065 0 131972 -89.604050 0.091972 -89.604065
Fig.5.4 (contd.)
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0.051972 
:0.051972 
0.051972 
0.051972 
0.051972 
0.051972 
0.051972 
0.051972 
0.051972 
0.051972 
0.051972 
0.051972 
0.051972 
0.051972 
0.051972 
0.051972 
0.051972 
0.051972 
0.051972 
0.051972
-90.204056 
-90.804077 
-91.404068 
-92.004059 
-92.604080 
-93.204071 
-93.804062 
-94.404083 
-95.004074 
-95.604065 
-96.204086 
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-97.404068 
-98.004059 
-98.604065 
-99.204056 
-99.804077 
-100.404068 
-101.004059 
-101.604080
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972 
0.131972
-90.204056 
-90.804077 
-91.404068 
-92.004059 
-92.604080 
-93.204071 
-93.804062 
-94.404083 
-95.004074 
-95.604065 
-96.204086 
-96.804077 
-97.404068 
-98.004059 
-98.604065 
-99.204056 
-99.804077 
-100.404068 
-101 .004059 
-101 .604080
0.091972
0.091972
0.091972
0.091972
0.091972
0.091972
0.091972
0.091972
0.091972
0.091972
0.091972
0.091972
0.091972
0.091972
0.091972
0.091972
0.091972
0.091972-
0.091972-
0.091972-
-90.204056 
-90.804077 
-91 .404068 
-92.004059 
-92.604080 
-93.204071 
-93.804062 
-94.404083 
-95.004074 
-95.604065 
-96.204086 
-96.804077 
-97.404068 
-98.004059 
-98.604065 
-99.204056 
-99.804077 
-100.404068 
-101.004059 
-101.604080
The following results apply to segment 3 i.e.,RETURN
RJPROFILE
(m)
0.051972
0.051972
0.051970
0.051964
0.051954
0.051938
0.051914
0.051883
0.051844
0.051796
0.051739
0.051672
0.051596
0.051511
0.051416
0.051312
0.051198
0.051074
0.050941
0.050798
0.050645
0.050481
0.050307
0.050121
0.049923
0.049712
0.049487
0.049248
0.048994
ejPROFILE 
(deg) 
-101.604080 
-102.781998 
- 103.916016 
-105.006729 
-106.054855 
-107.061264 
-108.027115 
-108.953522 
-109.841782 
-110.693420 
-11 1 .509964 
-112.293030 
-113.044464 
-113.766068 
-114.459793 
-115.127701 
-115.771881 
-116.394485 
-116.997726 
-117.583755 
-118.154877 
-118.713181 
-119.260849 
-119.799942 
-120.332443 
-120.860199 
-121.384979 
-121.908340 
-122.431747
R__CUTTER
(m)
0.131972 
0.131972 
0.131970 
0.131963 
0.131951 
0.131930 
0.131899 
0.131855 
0.131796 
0.131720 
0.131624 
0.131507 
0.131366 
0.131200 
0.131007 
0.130784 
0.130531 
0.130245 
0.129926 
0.129573 
0.129184 
0.128759 
0.128297 
0.127799 
0.127264 
0.126692 
0.126084 
0.125441 
0.124762
0 CUTTER 
(deg) 
-101 .604080 
-102.812851 
-104.039215 
-105.283340 
-106.545258 
-107.824905 
-109.122223 
-110.437012 
-111 .768997 
-113.117996 
-114.483597 
-115.865402 
-117.263077 
-118.676071 
-120.103912 
-121.546097 
-123.002045 
-124.471222 
-125.953018 
-127.446808 
-128.951996 
-130.468018 
-131 .994202 
-133.529999 
-135.074799 
-136.627899 
-138.188934 
-139.757233 
-141 .332336
RJPITCH (m) 
0.091972- 
0.091972- 
0.091970- 
0.091964- 
0.091952- 
0.091932- 
0.091903- 
0.091863- 
0.091809- 
0.091741- 
0.091656- 
0.091554- 
0.091431- 
0.091288- 
0.091122- 
0.090932- 
0.090718- 
0.090478- 
0.090210- 
0.089915- 
0.089592- 
0.089239- 
0.088857- 
0.088444- 
0.088001- 
0.087528- 
0.087024- 
0.086489- 
0.085925-
9_PITCH 
(deg) 
101.604080 
102.804138 
104.004395 
105.205185 
106.406723 
107.609207 
108.812943 
110.018112 
111.224945 
112.433746 
113.644653 
114.857895 
116.073715 
117.292358 
118.513931 
119.738693 
120.966812 
122.198532 
123.433975 
124.673355 
125.916885 
127.164688 
128.416931 
129.673828 
130.935516 
132.202179 
133.473938 
134.750946 
136.033447
Fig.5.4 (contd.)
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R PROFILE 9_PR0FILE R_CUTTER 9_CUTTER R PITCH 0JPITCH
; (m) (deg) (m) (deg) Cm) (deg)
0.048724 -122.956421 0.124050 - 42.913696 0.085330- 137.321472
0.048436 -123.483429 0.123305 - 44.500793 0.084706- 138.615295
0.048131 -124.013733 0.122528 - 46.093201 0.084053- 139.914917
0.047806 -124.548019 0.121722 - 47.690460 0.083371- 141.220581
0.047462 -125.086838 0.120887 - 49.292145 0.082663- 142.532379
0.047098 -125.630569 0.120025 - 50.897888 0.081928- 143.850494
0.046713 -126.179504 0.119139 - 52.507233 0.081167- 145.174957
0.046307 -126.733627 0.118229 - 54.119812 0.080382- 146.505981
0.045879 -127.292953 0.117299 - 55.735229 0.079574- 147.843628
0.045429 -127.857300 0.116351 - 57.353149 0.078744- 149.188019
0.044957 -128.426300 0.115385 - 58.973083 0.077894- 150.539215
0.044463 -128.999725 0.114406 - 60.594696 0.077025- 151 .897308
0.043947 -129.576965 0.113414 - 62.217560 0.076138- 153.262421
0.043409 -130.157654 0.112413 - 63.841248 0.075236- 154.634583
0.042850 -130.741089 O'. 111404 - 65.465240 0.074320- 156.013794
0.042270 -131.326721 0. 1 10390 - 67.089050 0.073392- 157.400116
0.041670 -131.914032 0.109374 - 68.712250 0.072453- 158.793579
0.041050 -132.502289 0.108357 - 70.334045 0.071506- 160.194061
0.040412 -133.090851 0.107341 - 71 .953949 0.070552- 161 .601593
0.039755 -133.679230 0.106330 - 73.571289 0.069594- 163.016174
0.039081 -134.266754 0.105326 - 75.185211 0.068633- 164.437592
0.038392 -134.852875 0.104330 - 76.794952 0.067670- 165.865723
0.037687 -135.437286 0. 103344 - 78.399658 0.066709- 167.300476
0,036968 -136.019318 0.102371 - 79.998291 0.065751- 168.741547
0.036235 -136.598755 0.101413 78.410065 0.064798- 170.188782
0.035491 -137.175323 0.100472 76.826630 0.063852- 171.641846
0.034735 -137.748901 0.099549 75.252472 0.062915- 173.100464
0.033968 -138.319305 0.098647 73.688934 0.061988- 174.564178
0.033192 -138.886719 0.097766 72.137299 0.061074- 176.032623
0.032407 -139.451294 0.096909 70.598907 0.060173- 177.505341
0.031614 -140.013336 0.096077 69.075317 0.059289- 178.981720
0.030814 -140.573456 0.095272 67.567963 0.058422 179.538666
0.030006 -141.132233 0.094493 66.078522 0.057573 178.056610
0.029192 -141.690643 0.093744 64.608521 0.056745 176.572754
0.028371 -142.249817 0.093024 63.159668 0.055939 175.087769
0.027545 -142.811218 0.092335 61 .733551 0.055156 173.602386
0.026712 -143.376404 0.091676 60.331909 0.054397 172.117523
0.025874 -143.947540 0.091050 58.956421 0.053663 170.633942
0.025030 -144.527069 0.090455 57.608643 0.052956 169.152496
0.024179 -145.117767 0.089893 56.290192 0.052275 167.674164
0.023323 -145.723114 0.089363 55.002563 0.051622 166.199799
0.022460 -146.347198 0.088866 53.747040 0.050998 164.730255
0.021591 -146.994659 0.088401 52.524994 0.050403 163.266571
0.020715 -147.671234 0.087967 51.337341 0.049837 161.809601
0.019833 -148.383667 0.087565 50.184906 0.049300 160.360077
0.018945 -149.139709 0.087194 49.068359 0.048794 158.919067
0.018052 -149.948883 0.086851 47.987915 0.048317 157.487244
0.017153 -150.822540 0.086538 46.943420 0.047870 156.065247
0.016251 -151.773926 0.086252 45.934509 0.047452 154.653900
0.015346 -152.819275 0.085992 44.960266 0.047064 153.253723
0.014441 -153.977936 0.085756 44.019287 0.046705 151.865173
0.013539 -155.272949 0.085544 43.109833 0.046374 150.488739
0.012643 -156.732239 0.085354 42.229401 0.046071 149.124725
0.01175.8 -158.389252 0.085183 41 .375183 0.045795 147.773285
Fig.5.4 (contd.)
5-19
0.010887 -160.283844 0.085031 140.543701 0.045546 146.434479
0 .010038 -162.463013 0.084896 139.731140 0.045321 145.108429
0.009216 -164.981964 0.084776 138.933044 0.045122 143.794891
0.008431 - 167.902588 0.084670 138.144714 0.044945 142.493713
0.007689 -171.292511 0.084577 137.360992 0.04479.1 141.204529
0.007001 -175.218658 0.084496 136.576447 0.044657 139.926880
0.006377 -179.736450 0.084425 135.785645 0.044544 138.660248
0.005825 175.127502 0.084364 134.982971 0.044448 137.404083
0.005353 169.400513 0.084313 134.162933 0.044369 136.157593
0.004968 163.188507 0.084270 133.320068 0.044306 134.919952
0.004669 156.690491 0.084235 132.449432 0.044256 133.690460
0.004453 150.184448 0.084207 131 .546082 0.044219 132.468201
0.004309 143.983337 0.084186 130.605713 0.044192 131.252075
0.004223 138.377350 ‘ 0.084172 129.624481 0.044174 130.041260
0.004179 133.589203 0.084162 128.598877 0.044163 128.834686
0.004161 129.760284 0.084157 127.526062 0.044157 127.631271
0.004155 126.964203 0.084155 126.403671 0.044155 126.430038
0.004155 125.229965 0.084155 125.229889 0.044155 125.229889
The following results apply to segment 4 i.e. , DWELL
R_PR0FILE 0_PROFILE RJ3UTTER 9_CUTTER R PITCH 0_PITCH
(m) (deg) (m) (deg) (m) (deg)
0.004155 125.229965 0.084155 125.229889 0.044155 125.229889
0.004155 124.629944 0.084155 124.629929 0.044155 124.629929
0.004155 124.029984 0.084155 124.029907 0.044155 124.029907
0.004155 123.429932 0.084155 123.429886 0.044155 123.429886
0.004155 122.830002 0.084155 122.829926 0.044155 122.829926
0.004155 122.229950 0.084155 122.229904 0.044155 122.229904
0.004155 121.629944 0.084155 121.629883 0.044155 121.629883
0.004155 121.029922 0.084155 121 .0*29922 0.044155 121.029922
0.004155 120.429977 0.084155 120.429901 ‘0.044155 120.429901
0.004155 119.829971 0.084155 119.829880 0.044155 119.829880
0.004155 119.229980 0.084155 119.229919 0.044155 119.229919
0.004155 118.629990 0.084155 118.629898 0.044155 118.629898
0.004155 118.029968 0.084155 118.029877 0.044155 118.029877
0.004155 117.429977 0.084155 1-17.429916 0.044155 117.429916
0.004155 116.830002 0.084155 116.829895 0.044155 116.829895
0.004155 116.229935 0.084155 116.229874 0.044155 116.229874
0.004155 115.630020 0.084155 1-15.629913 0.044155 115.629913
0.004155 115.029953 0.084155 115.029892 0.044155 115.029892
0.004155 114.429962 0.084155 114.429886 0.044155 114.429901
0.004155 113.830017 0.084155 113.829910 0.044155 113.829926
0.004155 113.229950 0.084155 113.229904 0.044155 113.229904
0.004155 112.629990 0.084155 112.629883 0.044155 112.629883
0.004155 112.030029 0.084155 112.029922 0.044155 112.029922
0.004155 111.429947 0.084155 111.429901 0.044155 111.429901
0.004155 110.829941 0.084155 110.829880 0.044155 110.829895
0.004155 110.230011 0.084155 110.229919 0.044155 110.229919
0.004155 109.629990 0.084155 109.629898 0.044155 109.629913
0.004155 109.029953 0.084155 109.029877 0.044155 109.029892
0.004155 108.429977 0.084155 108.429916 0.044155 108.429932
0.004155 107.829987 0.084155 107.829895 0.044155 107.829895
0.004155 107.229965 0.084155 107.229874 0.044155 107.229889
Fig.5.4 (contd.)
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6_PR0FILE
(deg)
106.629974 
106.029984 
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104.229965
103.629929
103.029999 
102.429977 
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0_CUTTER 
(deg)
106.629913 
106.029892
105.429871 
104.829910 
104.229889
103.629883
103.029907 
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101.829880 
101 .229904
100.629898
100.029877
99.429916
98.829895
98.229874
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R_PITCH
(m)
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0.044155
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0.044155
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6_PITCH
(deg)
106.629913
106.029907
105.429871 
104.829926 
104.229904
103.629883
103.029907 
102.429901 
101;829880 
101.229919 
100.629898
100.029892
99.429916
98.829910
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R PROFILE 0JPROFILE R CUTTER 0_CUTTER RJPITCH 8JPITCH
: (ra) (deg) (m) (deg) (m) (deg)
0.004155 74.229965 0.084155 74.229904 0.044155 74.229904
0.004155 73.629974 0.084155 73.629883 0.044155 73.629883
0.004155 73.029999 0.084155 73.029922 0.044155 73.029922
0.004155 72.429977 0.084155 72.429901 0.044155 72.429901
0.004155 71.829956 0.084155 71.829880 0.044155 71.829880
0.004155 71.230011 0.084155 71.229919 0.044155 71.229919
0.004155 70.629959 0.084155 70.629898 0.044155 70.629898
0.004155 70.029953 0.084155 70.029877 0.044155 70.029877
0.004155 69.429977 0.084155 69.429916 0.044155 69.429916
0.004155 68.829956 0.084155 68.829895 0.044155 68.829895
0.004155 68.229980 0.084155 68.229874 0.044155 68.229874
0.004155 67.630005 0.084155 67.629913 0.044155 67.629913
0.004155 67.029953 0.084155 67.029892 0.044155 67.029892
0.004155 66.429962 0.084155 66.429871 0.044155 66.429871 •
0.004155 65.830002 0.084155 65.829910 .0.044155 65.829910
0.004155 65.229980 0.084155 65.229889 0.044155 65.229889
q
Would you like to view the other display ? 
n
Fig.5.4 (contd.)
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The c a r t e s i a n  c o - o r d i n a t e s  of the cam p r o f i l e , r o l l e r  and 
c u t t e r  paths at the Kth n o r m a l i s e d  earn r o t a t i o n  in s e g m e n t  
number M1 are respectively given by:
Profile: XP(K,M1) ; YP(K,M1)
Roller : X(K,M1) ; Y(K,M1)
Cutter : XG(K,M1) ; Y G (K ,M 1 )
.Jt
The corresponding polar format is:
Profile: RP(K,M1) ; T H E T A P (K ,M 1)
Roller : R(K,M1) ; T H E T A (K ,M 1)
Cutter : RG(K,M1) ; T H E T A G (K ,M 1 )
5.5.1 THE P R O F I L E / C U T T E R  PATH C O - O R D I N A T E S  M O D U L E , R E S U L T S ,  
& DISCUSSION OF RESULTS
Figure 5.4 is a typical terminal session through the above- 
n a m e d  m o d u l e  t o g e t h e r  w i t h  the p o l a r  format v e r s i o n  of the 
r e s u l t s  o b t a i n e d  f rom it. Note that data f rom p r e v i o u s  
modules has been used i n t a c t , thereby ensuring that the same 
set of data is used throughout the design process.
Attention must be paid to the transition points between the 
n o n - d w e l l  and dwell s e g m e n t s ,where the co-ordinates are the 
same. T h ough not. s h o w n  h e r e , d a t a  from [9 ] was use d  in the
module,which provided nearly identical results. The slight
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11
a
d i s c r e p a n c i e s  o c c u r e d  w h e r e  the n o r m a l i s e d  cam r o t a t i o n  
v a l u e s  d i f f e r e d  s l i g h t l y .  W h e r e a s  [93 s t a r t e d  off w i t h  a 
n o r m alised input increment of 0 . 0 8 3 3  and subsequently altered 
it at various points in order to have the last value of U as 
1 exactly,the module discussed here,by default,used only one 
v a l u e  of input i n c r e m e n t , i n  t h i s  case 0.0833,and the l a s t  U 
v a l u e  was thus not e x a c t l y  1 ,
F i g u r e  5.5 is the g r a p h i c a l  r e p r e s e n t a t i o n , i n  c a r t e s i a n  
form,of the results in Fig.5.4. ^ A A i
A
^  <51 hl> ■
5.6 SUMMARY AND CONCLUSION
Cam profile determination can be approached from a graphical 
as w e l l  as an analytical standpoint. The graphical approach 
a p p l i e s  the p r i n c i p l e  of k i n e m a t i c  i n v e r s i o n , b y  w h i c h  the 
otherwise rotating cam is . considered fixed and the f o l l o w e r  
is l o c a t e d  in its p r o p e r  p o s i t i o n  r e l a t i v e  to t h e  
c a m ,c o r r e s p o n d i n g  to a n u m b e r  of d i f f e r e n t  cam r o t a t i o n  
a n g l e s .  W h i l e  being a c c e p t a b l e  for low speed c a m s , p r o f i l e  
inaccuracies resulting from its use make it undesirable for 
high speed applications. Such inaccuracies at high earn speeds 
cause high profile stresses and vibration.
The a n a l y t i c a l  a p p r o a c h  u s e s  e q u a t i o n s  for the p r e c i s e  
d e t e r m i n a t i o n  of the p r o f i 1 e ,e u t t e r  and r o l l e r  path c o ­
ordinates .
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The a l g o r i t h m  p r e s e n t e d  in this c h a p t e r  p r o v i d e s  the 
n e c e s s a r y  c o - o r d i n a t e s  in p o l a r  and c a r t e s i a n  f o r m a t  at 
incremental steps of normalised cam rotation.
The corresponding pro g r a m , c a 1 1 ed the PROFILE/CUTTER PATH CO­
ORDINATES MODULE,was run using relevant input data from the 
modules described in the earlier chapters. The results bring 
to an end the t y p i c a l  c o m p l e t e  disc cam d e s i g n  process 
started in Chapter 2.
In common with the previous modules the PROFILE/CUTTER PATH 
CO-ORDINATES MODULE is a stand-alone module which can accept 
r e s u l t s  from any o u t s i d e  source. The o n l y  p r o g r a m m i n g  
e x p e r i e n c e  r e q u i r e d  to run the m o d u l e  is f a m i l i a r i t y  with 
P r i m e ’s Editor for viewing and manipu.lating the results.
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CHAPTER 6
THE INTERACTIVE DISC CAM DESIGN PACKAGE: DICADES
6.1 PREPARING THE ANALYTICAL MODULES
T he a n a l y t i c a l  m o d u l e s  d i s c u s s e d  in C h a p t e r s  2 to 4 h a v e  
a l l  been developed using FORTRAN77 (compiled with the FTN77 
command). The various functions and subroutines accessed by 
t h e s e  m o d u l e s  exist t o g e t h e r  in a "p r i v a t e  l i b r a r y "  c a l l e d  
C AMF A S  (for CAM Functions And Subroutines). This library file 
is a binary file. With respect to the modules,the r e l o c a t a b l e  
b i n a r y  f i l e s  created at c o m p ilation have been converted into 
runfiles with CAMFAS included using.the LOAD77 command. The 
runfiles are executed using the RUN77 command,
6.2 PREPARING THE GRAPHICAL MODULES
6.2.1 OVERVIEW OF GRAPHIC MODULES
The results associated with typical runs of the anal y t i c a l
m odules have been i l l u s t r a t e d  previously with accompanying
g raphical displays. Each of these graphical displays has been
p r o d u c e d  from an a s s o c i a t e d  g r a p h i c  p r o g r a m  (or module).
These graphic modules are presented in appendix D1.
*
To carry out the graphic p r o g r a m m i n g ,the graphic programming
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language known as Supersyntax was used. S u p e r s yntax,itse 1 f a 
computer program,is a copyrighted product of Prime Computer 
Inc. Developed by Prime for use within their Computer-Aided 
D e s i g n  p a c kage c a l l e d  P R I M E  M E D U S A ,S u p e r s y n t a x  a l l o w s  the 
use r  to i n c o r p o r a t e  the P R I M E  M E D U S A  c o m m a n d s  into an 
e n t i r e l y  new s t r u c t u r e .  T h i s  n e w  s t r u c t u r e  b e c o m e s  a 
Supersyntax program. In addition to carrying out basic MEDUSA 
commands,such a program could:
6.2.1.1 have PRIME MEDUSA decide the next command to execute
on the basis of an a l r e a d y  e x e c u t e d  c o m m a n d  or on the basis
of the r e l a t i o n s h i p  b e t w e e n  g r a phic a n d / o r  a l p h a n u m e r i c  
e l e m e n t s  ( i . e . l i nes,text,or c o m b i n a t i o n s  of t h e s e  c a l l e d  
clumps,etc) in the sheet currently being drawn upon.
6 .2.1.2 h a v e  P R I M E  M E D U S A  r e p e a t  a c o m m a n d , o r  s e q u e n c e  of
c o m m a n d s , a  n u m b e r  of t i m e s , e i t h e r  e x a c t l y  or w i t h - s l i g h t
v a r i ations.
L i k e  any other c o m p u t e r  p r o g r a m m i n g  1 a n g u a g e ,S u p e r s y n t a x  
u s e s  v a r i a b l e s  ( a n d  c o m m a n d s  t o  m a n i p u l a t e  
them), s t at ement s , and operators (to combine variables).
More on this programming language can be found from [35].
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6.2.2 OVERVIEW OF PRIME MEDUSA
P R I M E  M E D U S A  is c o m p o s e d  of i n t e r 1 i n k e d , y e t s e p a r a t e  
software modules for 2 - or 3 -dimensional design,drafting,and 
d o c u m e n t a t i o n .  It has a p p l i c a t i o n s  r a n g i n g  from M e c h a n i c a l  
Engineering such as shipbuilding and industrial machinery,to 
C i v i l  & S t r u c t u r a l  E n g i n e e r i n g ,d e s i g n  of e l e c t r i c a l  
s c h e m a t i c s ,p r i n t e d  c i r c u i t  board l a y o u t , a n d  a r c h i t e c t u r a l  
design. The two basic modules are Design Drafting and Design 
M o d e l l i n g .
The D e s i g n  D r a f t i n g  (2-D) m o d u l e  forms the basis of the 
P R I M E  M E D U S A  s y s t e m  a r o u n d  which the o t h e r  m o d u l e s  (for 
e x a m p l e , t h e  i n t e r p r e t i v e  D e s i g n  M o d e l l i n g  m o d u l e , t h e  
a n a l y t i c a l  F i n i t e  e l e m e n t s  p r o g r a m , a n d  the CNC m a c h i n e r y  
software) are arranged. Graphic and alphanumeric data entered 
into the Prime c e n t r a l  p r o c e s s o r  (on w h i c h  the M E D U S A  
s o f t w a r e  re s i d e s )  v i a  the 2-D m o d u l e  is s t o r e d  on a fil e  
k n o w n  as the M E D U S A  sheet. Each sheet c o m p r i s e s  a n u m b e r  of 
elements such as 1 i n e s ,t e x t ,and combinations of these (called 
clumps) all contained in a number of rectangular v i e w  boxes.
The i n t e r p r e t i v e  D e s i g n  M o d e l l i n g  m o d u l e  scans the 2-D 
s h e e t ,interpreting the drawings to produce 3-D solid models 
c a p a b l e  of b e i n g  s e c t i o n e d  and v i e w e d  f r o m  a n u m b e r  of 
different directions.
In addition to the m o d u 1 es , PR IME MEDUSA p e r m i t s ,through the
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use of Supersyntax, interfaces to user programs in order that 
s u c h  p r o g r a m s  may create or m o d i f y  data in the d r a w i n g  dat a  
b a s e  (i.e. the M E D U S A  sheet).
M o r e  on P R I M E  M E D U S A  (2- a n d  3-D) can be f o u n d  f r o m  
([32],[33 3 ).
6.3 INTERACTION BETWEEN DICADES MODULES
To p r o v i d e  the n e c e s s a r y  i n t e r a c t i o n  b e t w e e n  the m o d u l e s  
(analytical and gra p h i c a l ),Prime's Command Procedure Language 
(CPL) [42] was used. CPL employs h i g h - l e v e l  l a n g u a g e  features 
s u c h  as b r a n c h i n g  and a r g u m e n t  .transfer to s i m p l i f y  and 
automate sequences of commands and to enable decision-making 
and computational power at the command level.
C o m p r i s i n g  t w o  p a r t s  ( i . e . t h e  l a n g u a g e  a n d  t h e  
i n t e r p r e t e r ),CPL e n a b l e s  t he w r i t i n g  of CPL p r o g r a m s  w h i c h  
contain either a sequence of PRIMOS (the operating system on 
Prime computers) commands or a combination of PRIMOS commands 
and CPL directives. The commands issue instructions to PRIMOS 
or to one of its subsystems (such as the Editor,which is also 
used by DICADES),while the dir e c t i v e s  issue commands to the 
CPL interpreter itself.
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6.4 -'DICADES U S E R ’S GUIDE
The interactive disc cam design software,DICADES (for Disc 
C A m  DESign),is a simp 1 e - 1 o - use M e n u - d r i v e n  p a c k a g e .  Each 
m odule is preceded by a brief explanation of its purpose and 
the application of the results obtained from it.
U p o n  l o g g i n g  into a P r i m e  c e n t r a l  p r o c essor (see a p p e n d i x  
D2) from a M E D U S A  W o r k s t a t i o n ,  the f o l l o w i n g  c o m m a n d  w o u l d  
need to be typed to invoke DICADES:
- ■ R U S M E > U .DICADES>DICADES.CPL
where the space between R and USME is mandatory.
The following general information will then be displayed
DICADES is a disc cam mechanism design software 
developed by S-G. Mohamed Swaray 
and submitted for the degree of 
Master of Philosophy of the 
University of Surrey 
December,1987.
Press RETURN to go to the MAIN MENU.
Fig.6.1 General information 
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Sub-sequent 1 y p r e s s i n g  the R E T U R N  (or ENTER) key takes the 
user into the MAIN MENU shown below.
DICADES 
*«* MAIN MENU ***
Jl: MODULES
2: ALPHANUMERIC DISPLAYS 
3: PRINT-OUTS 
4: MEDUSA DISPLAYS/PLOTS 
5: HELP
6: EXIT FROM DICADES
Enter NUMBER of option:
Fig.6.2 Main menu options
E n t e r i n g  the n u m b e r  7 , for e x a m p l e , o r  any c h a r a c t e r  other 
than one of the n u m b e r s , 1 to 6 ,produces the following:
INPUT ERROR. Would you like to try again ?
A n s w e r i n g  Y or YES or p r e s s i n g  e i t h e r  the R E T U R N  or ENTER 
key brings the user back into the MAIN MENU.
A n s w e r i n g  N or NO takes the user back into the P R I M O S  
operating system with the prompt:
OK,
T h e  n u m b e r s  in f r o n t  of the o p t i o n s  in the M A I N  M E N U
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(Fig.6.2) are r e s p e c t i v e l y  the S U B _ M E N U  numbers. T y p i n g  the 
n u m b e r ,1 ,for example, gives the following:
****##»****»*»*»»*»*»»«*«»*******»«*«»»*****»***••********
* DICADES *
* ** SUB_MENU1: MODULES ** *
* 1: GEOMETRY *
* *
« 2: FORCE ANALYSIS *
• *
» *
* 3: RADIUS OF CURVATURE *
# *
» H: CONTACT STRESS/UNDERCUTTING *
» *
* 5; PROFILE/CUTTER PATH CO-ORDINATES *
* *
* 6: EXIT TO MAIN MENU *
Enter NUMBER of option:
Fig.6.3 Analytical modules
On d i s p l a y  in S U B _ M E N U  1 ( F i g . 6 .3) are the v a r i o u s  
a n a l y t i c a l  modules.'
F r o m  the G E O M E T R Y  m o d u l e , t h e  basic disc cam m e c h a n i s m  
c o n f i g u r a t i o n  is e s t a b l i s h e d .  In other w o r d s , v a l u e s  of 
f o l l o w e r  o f fset and p r i m e  c i r c l e  radius (in d i m e n s i o n l e s s  
form) are c o m p u t e d  for the u s e r  to select. These p a r a m e t e r s  
are made dimensionless by d i v i s i o n  by the follower stroke.
The F O RCE A N A L Y S I S  m o d u l e  c a r r i e s  out an a n a l y s i s  of the 
forces acting on the f o l l o w i n g  systern,producing the resultant 
and contact force along with the inertia and spring force at
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increments of cam rotation.
The RADIUS OF C U R V A T U R E  m o d u l e  computes the p i t c h  c u r v e  
radius of curvature at increments of cam rotation.
The C O N T A C T  S T R E S S / U N D E R C U T T I N G  m o d u l e  p r o v i d e s  r a n g e s  of 
r o l l e r  and cutter s i z e s  that e n s u r e  that undercut.ting does 
not occur and that the maximum allowable compressive (Hertz) 
stress is not exceeded.
The PROFILE/CUTTER PATH CO-ORDINATES module computes the co­
o r d i n a t e s  of the cam p r o f i l e , r o l l e r  and c u t t e r  p a t h s  at 
increments of cam rotation.
The results from the a n a l y t i c a l  modules can be accessed from 
the MAI N  MENU by t y p i n g  the n u m b e r , 2 . This a c t i o n  p r o d u c e s  
the following effect:
DICADES
.
«* SUBMENU2: ALPHANUMERIC DISPLAYS **
t) isplay Parent module
• \ : Cam geometric parameters GEOMETRY 1/GE0METRY2
• 2: Follower motion and loads FORCE ANALYSIS
* 3: Radius of curvature RADIUS OF CURVATURE
* >1: Cam profile co-ordinates; PROFILE/CUTTER PATH
pitch curve co-ordinates; CO-ORDINATES
cutter path co-ordinates
* 5: Exit to MAIN MENU
nter NUMBER of option:
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Flg.6.1! Tabular display options
From the M A I N  M E N U , t y p i n g  the n u m b e r , 3, t a k e s  the user into 
S U B ^ M E N U  3 • P R I N T S .  T h e  n u m b e r , 4 , t a k e s  t he u s e r  i n t o
S U B M E N U  4 : MEDUSA DISPLAYS/PLOTS. The a v a i l a b l e  options in
these two sub menus exactly match the options in SUB_MENU 2, 
As their name implies,the PRINT and MEDUSA DISPLAYS/PLOTS sub 
menus a l l o w  a p r i n t - o u t  and a g r a p h i c a l  d i s p l a y  (with the 
possibility of p l o t t i n g ) ,res p e c t i v e l y ,of the results from the 
analytical modules in SUB_MENU 1 (Fig.6 .3).
F rom the M A I N  M E N U , t y p i n g  the n u m b e r , 5 ,t a k e s  the user into
the following sub menu:
« «
• DICADES ** «
* '* SUB_MENU5: HELP «» ** «
* t
* 1: DICADES »« «
* 2; GEOMETRY MODULE ** •
* 3: FORCE ANALYSIS MODULE *
* 4: RADIUS OF CURVATURE MODULE *
* i
* 5: CONTACT STRESS/UNDERCUTTING MODULE ** •
* 6: PROFILE/CUTTER PATH CO-ORDINATES MODULE *
* •
* 7: EXIT TO MAIN MENU *
Enter NUMBER of option:
Fig.6.5 Help items
Explanatory notes with respect to each of the options in the 
H E L P  sub m e n u  a r e  p r o v i d e d .  T h i s  i n c l u d e s  i m p o r t a n t  
d efinitions. T y p i n g  the n u m b e r , 1,for e x a m p l e , l e a d s  to an 
expansion of the help i t e m ,DI C A D E S ,thus :
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* DICADES
* ** HELP : DICADES **
* DICADES comprises 5 analytical modules (listed in SUB_
* MENU1),and three sets of 4 modules each for:a) tabular
* display of results from the analytical modules (SUB_
* MENU2 ); b) printing the results (SUB_MENU3); c) graph-
* ical display and plotting of the results (SUB_MENU4).
* Of the analytical modules,each is independent of,but
* is capable of integrating with,the others. The order
* of the analytical modules in SUB_MENU1 is such that
RETURN/Q:ft****#*###*#****#*##*#****#**#####*****##*#******#*****#*
* DICADES
* *« HELP : DICADES **
* results from a given module can be used in any follow-
* ing module. Results from a given,module cannot,however
* ,be used in a preceding module.
* To effectively use DICADES,the analytical modules must
* be run in the order given in SUB__MENU1. After running
* the GEOMETRY module,SUB_MENU2 must be run in order to
* select the cam geometric parameters (i.e. cam size and
* offset) for use in subsequent analytical modules. END. 
Press RETURN to go to SUB_MENU5:
Fig.6.6 Expansion of help item 1 : DICADES
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When r u n n i n g  any of the o p t i o n s  in S U B _ M E N U  1 or the first 
option in SUB_MENU 2,there may be more than one screen-ful of 
explanatory notes. At the end of each screen-ful appears the 
fol l o w i n g :
T/RETURN/S/Q
If the use r  types T (for Top),the m o d u l e  is begun afresh. 
Pressing either the RETURN or ENTER key takes the user to the 
next s c r e e n - f u l .  T y p i n g  S (for S k i p ) , s k i p s  the e x p l a n a t o r y  
notes c o m p l e t e l y .  T y p i n g  Q (for Q u i t ) , t a k e s  the user back 
into SUB__MENU 1 or 2 as the case may be. Note that both upper 
and lower case letters are acceptable.
If a Y E S  r e s p o n s e  n e e d s  to be' e n t e r e d  a n y w h e r e  in 
D I C A D E S , p r e s s i n g  e i t h e r  the R E T U R N  or E N T E R  k e y  is an 
equivalent action.
F r o m  t h e  M A I N  M E N U  o p t i o n  4 , S U B _ M E N U  4 : M E D U S A
D I S P L A Y S / P L O T S , must not be run if the user is not s e ated at 
one of the P R I M E  M E D U S A  W o r k s t a t i o n s  in the M e c h a n i c a l  
Engineering department at t.he University of Surrey. Only at 
these W o r k s t a t i o n s ,w h e r e  the c u s t o m - s p e c i f i c  P R I M E  M E D U S A  
l o a d i n g  c o m m a n d  u s e d  in D I C A D E S  is a p p 1 i c a b 1 e ,can P R I M E  
M E D U S A  be s u c c e s s f u l l y  invoked. R u n n i n g  o p t i o n  4 from an 
alphanumeric terminal ean "freeze" the t e r m i n a l ‘.neither input 
nor output is subsequently possible. In such a case,the user 
needs to turn off the terminal and move to a Workstation.
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To qui t  from D I C A D E S , t h e  u s e r  must enter the M A I N  M E N U  
where,typing the n u m b e r ,6,produces the following:
You are out of D I C A D E S  and at P R I M O S  l e v e l  now!
OK,
If DICADES is reinvoked at this point,a request for a rerun 
of any of the a n a l y t i c a l  m o d u l e s  p r o m p t s  D I C A D E S  to d e l e t e  
a l l  p r e v i o u s l y  c r e a t e d  f i l e s  b e f o r e  e f f e c t i n g  the rerun. 
Therefore the user should file separately any DICADES-created 
f i l e s  h e / s h e  w i s h e s  to keep. T his can be done w h e n  v i e w i n g  
r e s u l t s  in the A L P H A N U M E R I C  D I S P L A Y S  sub menu (Fig,6.4),by 
issuing the command:
FIL filename
w h e r e  f i l e n a m e  m u s t  be a m a x i m u m  of 32  
1 ong , i n c 1 u d i n g  1 e 1 1 e r s ,n u r a e r i c a  1 d i g i t s , o r  
c h a r a c t e r s  * $ & - . / £.
c h a r a c t e r s  
a n y  of t h e
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C H A P T E R  7
CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK
7.1 CONCLUSIONS
T h e  p r o j e c t  d e s c r i b e d  in t h e  f o r e g o i n g  c h a p t e r s  is a 
d i s t i n c t  d e m o n s t r a t i o n  of the f e a s i b i l i t y  of d e v e l o p i n g  
interactive computer software for the optimised design of the 
complete disc cam-translating r o l l e r  follower system based on 
a rational design strategy [6],
The d e s i g n  of the s o f t w a r e  is -such that it p r o v i d e s  an 
environment for learning about,or refreshing the memory on, 
t h e  p r i n c i p l e s  a n d  d e s i g n  p r o c e d u r e s  i n v o l v e d  in c a m  
mechanism design.
The modular architecture adopted for the various a n a l y t i c a l  
s t a g e s  of the d e s i g n  g r e a t l y  s i m p l i f i e s  the p r o g r a m m i n g  
e f f o r t  i n v o l v e d  as w e l l  as m a k i n g  l e a s t  d e m a n d  on c o m p u t e r  
s t o r a g e .
The fact that these m o d u l e s  are c o m p l e t e l y  i n d e p e n d e n t  of 
one a n o t h e r ,thou g h  p e r m i t t i n g  i n t e g r a t i o n ,means that the 
designer has complete freedom with respect to the sequence of 
c o m p u t a t i o n  to suit the p a r t i c u l a r  r e q u i r e m e n t s  of the 
application. It also means that depending on performance data
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o b t a i n e d  in l a ter s t a g e s  of the d e s i g n , t h e  d e s i g n e r  is a b l e  
to r e v e r t  to e a r l i e r  s t a g e s  in o r d e r  to i m p r o v e  u p o n  the 
design data.
It is r e v e a l e d  in C h a p t e r  2 t h a t  an i m p o r t a n t  d i f f e r e n c e  
b e t w e e n  the w o r k  r e p o r t e d  in t h i s  t h e s i s  a n d  t h o s e  by 
previous investigators is the many valid solutions generated 
with respect to the cam geometric parameters of prime circle 
radius and follower offset. Informed decision-making on the 
part of the designer would make some of these solutions more 
acceptable than others. Such decision-making would be based 
on a c a r e f u l  c o n s i d e r a t i o n  of the a v a i l a b l e  i n s t a l l a t i o n  
s p a c e  for the m e c h a n i s m  and a l l  the k i n e m a t i c  and d y n a m i c  
constraints introduced into the design process. The designer 
w o u l d , f o r  e x a m p l e , b e  a b l e  to m a t c h  the m a x i m u m  r e s u l t a n t  
f o l l o w e r  load with s m a l l  p r e s s u r e  a n g 1 e s ,t h e reby e n s u r i n g  
that the c o ntact forces and s t r e s s e s  (which are i n v e r s e l y  
p r o p o r t i o n a l  to the c o s i n e  of the p r e s s u r e  a n g l e  - see 
eqns.2.7 & 4.6) are min i m i s e d .
Another essential difference between this work and previous 
investigations lies in the h e l i c a l  compression spring design. 
In contrast with previous i n v e s t i g a t i o n s ,the spring (on the 
f o l l o w e r )  is not a s s u m e d  a l r e a d y  designed. R a t h e r , t h e  
particular requirements of the mechanism are used to derive 
essential characteristics of the spring. Although the design 
is n o t  c o n c l u d e d  (i.e.the f i n a l  s p r i n g  s i z e  is n o t
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de t ermined), the steps i n v o l v e d  in arriving at the final stage 
are p o i n t e d  out (see a l s o  7.2.2).
The roller on the t r a n s lating follower exposes yet another 
a r e a  of di f f e r e n c e  b e t w e e n  this i n v e s t i g a t i o n  and p r e v i o u s  
w o r k s  (Chapter 3). The c o n t r a s t  lies in the fact that this 
investigation provides data on the load/speed requirements 
of the roller (upon specification of its intended life) which 
can be used in conjunction with a manufacturer’s c a t a logue to 
find the appropriate r o l l e r  size for the application.
Because this roller size determination is carried out before 
the u n d e r c u t t i n g  and c o n t a c t  s t r e s s  c r i t e r i a  are t e s t e d  (in 
C h a p t e r  4),it is p o s s i b l e  to h a v e  a r o l l e r  w h o s e  l i f e  and 
l o a d / s p e e d  r e q u i r e m e n t s  are k n o w n  .and w h ich a d d i t i o n a l l y  
p r e v e n t s  u n d e r c u t t i n g  and s a t i s f i e s  the c o n t a c t  s t r e s s  
c o n s t r a i n t .
Th e  r e s u l t s  from each a n a l y t i c a l  m o d u l e  are p r e s e n t e d  in 
graphical as well as tabular format for compactness and for 
v i v i d  i l l u s t r a t i o n  of the r e l a t i v e  rates of c h a n g e  of the 
parameters. An additional merit for graphical representation 
w i t h  r e f e r e n c e  to the r e s u l t s  from the G E O M E T R Y  M O D U L E  
( C h apter 2) is the p o s s i b i l i t y  of s u p e r i m p o s i t i o n  of data 
from different input specifications on the same set of axes.
The complete mechanism design s o f t w a r e ,D I C A D E S ,is o r i e n t e d  
t o w a r d  the user. It r e q u i r e s  m i n i m u m  c o m p u t e r  e x p e r i e n c e  to
7-4
r u n .
7.2 RECOMMENDATIONS FOR FURTHER WORK
D I C A D E S  e n a b l e s  t h e  e s t a b l i s h m e n t  o f  t h e  d e s i g n  
specification necessary for the manufacture of the cam itself 
a l o n g  w i t h  as m u c h  d a t a  on the o t h e r  f e a t u r e s  of the 
mechanism (i.e.the s p r ing,fo1 lower and r o l l e r  on follower) as 
project time could permit. As is pointed out in the following 
sections,areas still exist needing further analysis and the 
collation of additional design data.
7.2.1 ACCURATE DETERMINATION OF FOLLOWING SYSTEM 
CHARACTERISTICS
This i n v e s t i g a t i o n  has a s s u m e d  the f o l l o w i n g  s y s t e m  to be 
l i g h t w e i g h t  and s t i f f  and thus to h a v e  a h i g h  p e r i o d  ratio  
( i n  e x c e s s  o f  2 0 , s e e  C h a p t e r  2). U s i n g  t h i s  
assumption,following system vibration is neglected.
To d e t e r m i n e  if t h i s  e s t i m a t e  (of p e r i o d  r a t i o )  is 
maintained as the design develops,a check should be carried 
out after the spring and r o l l e r  specifications are prepared. 
This demands an experimental determination of the stiffness 
and natural frequency of the following system. A discrepancy 
between the e x p e r i mentally-determined and assumed valu e s  (of
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p e r i o d  ratio) may w a r r a n t  r e v i s e d  s p e c i f i c a t i o n s  for the 
spring and roller in which their stiffnesses are modified to 
n u l l i f y  the d i s c r e p a n c y .  W i t h  r e s p e c t  to the r o l l e r , t h e  
s t i f f n e s s  of w h i c h  is n o t  c o m p u t e d  in t h e  m o d u l e s , t h e  
objective would be a s m aller-sized roller (implying reduced 
mass and hence a h i g h e r  n a t u r a l  frequency). T h u s , t h e  f i n a l  
cam profile determination can be deferred until the following 
system characteristics are completely determined.
7.2.2 DETERMINATION OF COMPLETE SPRING CHARACTERISTICS IN 
FORCE ANALYSIS MODULE
The total s p r i n g  d e f 1 e c t i o n ,the o p e r a t i n g  d e f 1 e c t i o n ,the 
spring stiffness,the maximum spring load,and the stress range 
are characteristics of the helical .compression spring which 
can be o b t a i n e d  f r o m  the F O R C E  A N A L Y S I S  M O D U L E .  The f i n a l  
s p r i n g  size is n o t , h o w e v e r ,  d e t e r m i n e d  in t h a t  module. This 
is because like the b a s i c  cam d e sign i t s e l f , t h e  a c c u r a t e  
d e s i g n  of the s p r i n g  f or a g i v e n  a p p l i c a t i o n  is not 
s t r a i g h t f o r w a r d  and w o u l d  e f f e c t i v e l y  r e q u i r e , I f  it is to 
i n v o l v e  a c o m p u t e r , t h e  d e v e l o p m e n t  of a d e c i s i o n - m a k i n g  
a l g o r i t h m  very m u c h  a k i n  to an "expert system". In other 
words, "...a d a t a b a s e , w i t h  a set of r u l e s  h e l d  s e p a r a t e l y  to 
make the search of the d a t a b a s e  more e f f i c i e n t " , a s  L e g a r d
[27] quotes,for a definition of an expert system,the opinion 
of the t e c h n i c a l  d i r e c t o r  of the F r a m e n t e c  company. The 
p r o j e c t  time c o n s t r a i n t  did not a l l o w  for s u c h  d e v e l o p m e n t  
work to be u n d e r t a k e n .  The steps i n v o l v e d  w i 1 1 , h o w e v e r ,be
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o u t l i n e d .
In addition to the spring characteristics obtainable from 
the FORCE A N A L Y S I S  M O D U L E , t h e  e l a s t i c  l i m i t  of the s p r i n g  
m a t e r i a l  is an i n put r e q u i r e m e n t  to the d e c i s i o n - m a k i n g  
algorithm. From the elastic limit,using e s t a b lished formulae
[ 3 0 ] , the m a x i m u m  a l l o w a b l e  w o r k i n g  load for the s p r i n g  and 
the spring size f a c t o r  are e v a l u a t e d .  A d a t a b a s e  of s p r i n g  
size factors and wire diameters is subsequently searched to 
establish suitable wire sizes. Such a database in graphical 
f o r m  is found in [30]. The s e l e c t e d  w i r e  s i z e s  are then 
taken,in t u r n , t h r o u g h  a s e q u e n c e  of c o m p u t a t i o n  [30] from 
w h i c h  further s p r i n g  c h a r a c t e r i s t i c s  are d e t e r m i n e d .  T h e s e  
c h a r a c t e r i s t i c s  a r e  f i n a l l y  c r o s s - c o m p a r e d  w i t h  the 
requirements of the application to select the best spring.
7.2.3 ROLLER S I Z E . DETER MINAT ION IN FORCE ANALYSIS MODULE 
BASED ON ITS LIFE AND LOAD/SPEED REQUIREMENTS
The p r o c e d u r e  for r o l l e r  size s e l e c t i o n  b a s e d  on its life 
and load/speed requirements is as follows. The FORCE ANALYSIS 
MODULE evaluates the e q u i v a l e n t  b e a r i n g  load. The designer 
t he n  inputs the i n t e n d e d  l i f e  of the be a r i n g .  The m o d u l e  
subsequently computes the bearing d y n a m i c  l o a d  c a p acity.  The 
d e s i g n e r  then e x its from the m o d u l e  a n d , w i t h  the a b o v e  
d a t a ,e o n s u 1 ts a m a n u f a c t u r e r ' s  c a t a l o g u e  to s e l e c t  the 
appropriate roller size for the application.
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This p r o c e d u r e  is r e l a t i v e l y  s t r a i g h t f o r w a r d  and can be 
u n d e r t a k e n  by the d e s i g n e r  w i t h  a c a t a l o g u e  at hand. A 
problem arises when the designer uses the software without a 
c a t a l o g u e .  The a u t h o r  did not o r i g i n a l l y  t h i n k  this a m a j o r  
h a n d i c a p  to the p r o g r e s s  of the d e s i g n  s i n c e  the C O N T A C T  
STRESS/UNDERCUTTING M O D U L E  e s t a b l i s h e s  b o u n d s  w i t h i n  w h i c h  
the r o l l e r  must lie to p r e v e n t  u n d e r c u t t i n g  and to s a t i s f y  
the contact stress constraint. However,the p ossibility of the 
d e s i g n e r  u n c o m p r o m i s i n g l y  i n s i s t i n g  on t h e  r o l l e r  
additionally satisfying life and load/speed requirements has 
led the author to consider the inclusion of the manufacturing 
catalogue as a database,a vital necessity. This would require 
the development of an algorithm with a series of conditional 
statements that establish a correspondence between the life 
and load/speed data,and the various a v a i l a b l e  r o l l e r  sizes in 
the catalogue. Such an algorithm is outstanding.
7.2.4 ALLOWANCE FOR THE USE OF ASYMMETRICAL CAM LAWS
This i n v e s t i g a t i o n  has a s s u m e d  the use of S y m m e t r i c a l  DRD 
cam laws. This implies a very limited control over the motion 
c h a r a c t e r i s t i c s  of the f o l l o w e r .  I n s t a n c e s  a r i s e  w h e r e  the 
m o t i o n  r e q u i r e m e n t s  of the f o l l o w e r  c a n n o t  be s a t i s f i e d  by 
symmetrical cam laws:it may be necessary for the follower to 
pass th r o u g h  a p o int at a p a r t i c u l a r  cam a n g l e  of r o t a t i o n  
that does not lie on the d i s p l a c e m e n t  c u r v e  of one of the 
standard symmetrical cam lawsjit may be necessary to extend 
the n e g a t i v e  a c c e l e r a t i o n  p e r i o d  (and h e n c e  to r e d u c e  the
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maximum negative acceleration) in order that a smaller spring 
can be used to maintain c a m / follower contact;the follower may 
be r e q u i r e d  to p e r f o r m  a c o n s t a n t  v e l o c i t y  m o t i o n  at some 
point(s) in a m o t i o n  se g ment in o r d e r  to m a t c h  its moti o n  to 
that of another machine component.
Thus,the standard symmetrical cam laws need to be b l e n d e d  in 
t h e s e  i n s t a n c e s .  D e p e n d i n g  on t h e  r e q u i r e m e n t s  of t he  
application,therefore,the designer should have the option to 
e i t h e r  use s t a n d a r d  s y m m e t r i c a l  c a m  laws or b l e n d  them to 
form asymmetrical ones. Synthesis of earn motion by blending 
segments is discussed in [13].
7.2.5 ALLOWANCE FOR THE USE OF DIFFERENT RISE AND RETURN 
MOTION SEGMENT ANGLES
A l t h o u g h  it is p o s s i b l e  to use u n e q u a l  ris e  and r e t u r n  
s e g m e n t  a n g l e s  in D I C A D E S , i t  m u s t  be a p p r e c i a t e d  that 
computed cam sizes in the GEOMETRY MODULE are for equal rise 
and return motion segment angles.
The use of a different segment angle for the return demands 
a d i f f e r e n t  c a m  s i z e  f o r  a g i v e n  o f f s e t .  
I f ,therefore,pressure angle control is carried out for both 
rise and r e t u r n  m o t i o n s  (in the G E O M E T R Y  M O D U L E )  and the 
r e t u r n  s e g m e n t  a n g l e  is s u b s e q u e n t l y  c h a n g e d  in the o t h e r  
m o d u l e s , t h e  use of the same cam s i z e  w i l l  no l o n g e r  e n s u r e
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p r e s s u r e  a n g l e  control in the return.
To o v e r c o m e  this d i f f u l t y  in D I C A D E S , t h e  G E O M E T R Y  M O D U L E  
must be run twice with the different segment angles,using the 
s a m e  s e t  of a x e s  to p l o t  t h e  r e s u l t s  in the M E D U S A  
DISPLAYS/PLOTS sub-menu,and then the intersection of the two 
c u r v e s  (if it e x i s t s )  m u s t  be l o c a t e d  m a n u a l l y .  T h e  
i n t e r s e c t i o n  g i ves the cam s i z e  and the a p p r o p r i a t e  o f f s e t  
that w i l l  ensure control of pressure angle in both the rise 
and return for the different rise and return segment angles.
T h e r e f o r e , a n  option needs to be b u i l t  into the G E O M E T R Y  
MODULE to cater for the above situation.
7.2,6 ON THE PREPARATION OF THE MANUFACTURING DATA
Commercial software packages are a v a i l a b l e  for the automatic 
generation of the part program for the manufacture of the cam 
after the cam profile is p l otted on a computer-aided design 
system. Such a package,Geometric Numerical C o n t r o l ,d e v e l o p e d  
by Prime Computer Inc.,is a v a i l a b l e  for interfacing to P R IME 
MEDUSA,the CAD system to which DICADES is interfaced.
In g e n e r a  1 , after the p r o f i l e  is d r awn on a M E D U S A  s h e e t , a  
c o m m a n d  to run GNC w o u l d  e n a b l e  the GNC P r o c e s s o r  to a c c e p t  
the g e o m e t r i c  p r o f i l e  from the sheet and a u t o m a t i c a l l y  
g e n e r a t e  a d a t a b a s e  of " c u t t e r  l o c a t i o n  data". T h e s e  
p r e p a r a t o r y  f u n c t i o n s  are t h e n  a u g m e n t e d  by m i s c e l l a n e o u s
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f u n c t i o n s  w h i c h  r e f e r  to o p e r a t i o n s , s u c h  as c o o l a n t  
c o n t r o 1, which are required from time to time throughout the 
machining program. Since the control unit for every machine 
is u n i q u e , a  p o s t  p r o c e s s o r  w o u l d  need to be e m p l o y e d  to 
t r a n s l a t e  the output f r o m  the GNC P r o c e s s o r  i nto a form 
acceptable to the particular controller of the machine tool 
employed for cutting the cam.
T h u s , c o m p u t e r - a i d e d  m a n u f a c t u r e  o f  t h e  c a m  
( o r , s t r i c 1 1 y , compu t e r-a i d e d p a r t  p r o g r a m m i n g )  i n v o l v e s  
b u i l d i n g  a m o d u l e  into D I C A D E S  w h i c h  e n q u i r e s  of the user 
whether manufacturing data is required,and if it is,prepares 
t h e  M E D U S A  s h e e t  fo r  i n p u t  to the G N C  P r o c e s s o r  a n d  
s u b s e q u e n t l y  runs GNC. P r e p a r i n g  the M E D U S A  s h e e t  i n v o l v e s  
d e l e t i n g  data that e i t h e r  c a n n o t  be i n t e r p r e t e d  by the GNC 
Processor or would "mislead" the Processor. The textual data 
o u t p u t  on the M E D U S A  s h e e t  by D I C A D E S  whe n  d r a w i n g  the cam 
profile,is for the information of the designer only and w o uld 
not be understood by the GNC Processor. The r o l l e r  and cutter 
pa t h s  and the r o l l e r  p r o f i l e  (drawn by D I C A D E S )  w o u l d  be 
viewed by GNC as profiles for which cutter location data,etc. 
need to be generated. Only the cam profile must therefore be 
l e f t  on the MEDUSA sheet w h e n  GNC is being i n v o k e d .
Information on GNC can be obtained from [34],
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APPENDIX A3
A3.1 EXPANSION OF SUBROUTINE ’C A M L A W ’
The s u b r o u t i n e  C A M L A W  d i s p l a y s  the a v a i l a b l e  c a m  laws for 
use with DICADES. The f o l l o w i n g  are the cam l a w s  in the o r der 
in which they are d i s p l a y e d  in D I C A D E S ; t h e y  h a v e  been 
obtained from ESDU 82006 [10]:
A3.1.1 Simple Harmonic Motion
A3.1.2 Parabolic (Constant Acceleration)
A3.1.3 Cycloidal (Sine Acceleration)
A3. 1.4 Modified Trapezoidal Acceleration 
A3.1.5 Modified Sine Acceleration
A3.1.6 3-Harmonic Modified Trapezoidal Acceleration
A3.1.7 3-Harmonic Modified Sine Acceleration
A3.1.8 3-Harmonic Zero-Jerk-at-Crossover
A3.1.9 2 - 3  Polynomial
A3. 1.10 3 - 4 - 5  Polynomial
A3. 1.11 4 - 5 - 6 - 7 Polynomial
A3.2 EXPANSION OF SUBROUTINE ’T Y P L A W ’
T he subroutine. T Y P L A W  r e q u e s t s  the ’n u m b e r ’ of the cam law 
required for use with DIC A D E S , au t oma t ica 11 y e s t a blishes the 
n e c e s s a r y  t e n t a t i v e  d i m e n s i o n l e s s  offset range (i.e.+FDOSET 
to - F D O S E T ) , a n d  d i s p l a y s  t h e  n a m e  of t h e  c a m  l a w
A 3 -1
c o r r e s p o n d i n g  to the n u m b e r  input for the u s e r  to c o n f i r m  
h i s / h e r  choice. If the use r  had i n a d v e r t e n t l y  t y p e d  in the 
w r o n g  n u m b e r , h e / s h e  .is a l l o w e d  to c h ange the entry. If the 
number was right,the law and FDOSET will s ubsequently be used 
wherever required in the module that invoked TYPLAW.
The following is the algorithm that does the foregoing.
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A3.3 EXPANSION OF S U B R O U T I N E  ’M O T I O N ’
The subroutine MOTION computes the follower motion functions 
for the cam law s e l e c t e d  in TYPLAW. The f o l l o w i n g  are the 
motion functions for the various lawsjthey have been obtained 
from ESDU 82006 [10]:
A3.3.1 Simple Harmonic Motion: 0 <= U <= 1.0 
W = ( 1 /2) ( 1 - cos(PI*U))
W ’ = (PI/2)*sin(PI*U)
W ’ ’= (PI2 /2)*cos(PI*U)
A3.3.2 Parabolic (Constant Acceleration)
0 <= U < 0.5 :
W = 2 U2 
W ’ = 40 
W ’ ’ = 4 
0.5 <= U <= 1.0 :
W = 1 -2(1-U ) 2 
W '= 4(1-U )
W ’ '= -4
A3.3.3 Cycloidal : 0 <= U <= 1.0
W = U - ( 1/(2*PI))*sin(2*PI«U)
W'= 1 - cos(2*PI*U)
W ' ' = 2*PI*sin(2*PI*U)
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A3.3.4 Modified Trapezoidal Acceleration 
In the following,K = 2/(PI + 2 )
0 <= U < 0. 125 :
W = K[U - (1/(4*PI))*sin(4*PI*U)]
W ’ = K[ 1 - c o s (4 *PI*U)]
W ’ ’= 4*PI*K*sin(4*PI*U)
0 . 125 <= U < 0 . 375 :
W = K[2*PI(U - 1 / 8 )2 + U - (1/(4*PI) )]
W»= K [4 *PI (U - 1/8) + 1] 
w i ,_ M »p i * k 
0.375 < = U < 0.625 :
W = K [-(1/(4*PI))*cos {4*PI(U - 3/8)} + PI(U - 1/4) + U]
W ’ = K[sin{4*PI(U - 3/8)} + PI + 1]
W ti- 4*PI*K*cos{4*PI(U - 3/8)}
0 . 625 <= 0 < 0.875 :
W = K[-2*PI(U - 7/8)2 + U + 1/(4 *PI) + PI/2]
W ’ = K [4 *PI(-U + 7/8) + 1]
W * »= -4 *PI* K 
0 .875 <= U <= 1 .0 :
W = K [ (1/(4 * P I ) )*cos{4*PI(U - 7/8)} + U - 1] + 1 
W'= -K[sin{4 *PI(U - 7/8)} - 1]
W 1 ' = -4*PI*K*cos{4*PI(U - 7/8)}
A3.3.5 Modified Sine Acceleration 
In the following,J = PI/CPI + 4)
0 <= U < 0.125 :
W = J[U - (1/(4*PI))*sin(4*PI*U)]
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W»'= 4 * P I * J * s i n ( 4 * P I * U )
0 . 125 <= U < 0 .875 :
W = -9*J / (4*PI)*cos[(4*PI/3)(U - 1/8)] + J«U + 2*J/PI 
W*a 3*J*sin[(4*PI/3)(U - 1/8)] + J 
W ’ t- 4#PI*J*cos[ (4*PI/3)(U - 1/8)]
0 . 875 < = U <= 1.0 :
W = (J/(4*PI) )*cos[4*PI(U - 7/8)] + J*U + 4*J/PI
W's -J*sin[4 *PI (U - 7/8)] + J
w »i= -4#PI*J*cos[4*PI(U - 7/8)]
A3.3.6 3-Harmonic Modified Trapezoidal Acceleration:
0 <= U <= 1.0 
In the following,A1 = 5.960 ; A2 = 0.9696
W = (A1/(2*PI))[U-(1/(2*PI))*sin(2*PI*U)] + ( A 2/6*PI))[U-  
(1/(6*PI))*sin(6*PI*U)]
W'= (A 1 /(2#PI))[ 1 - cos(2*PI*U) ] + ( A 2 / ( 6 * P I ) ) [ 1 -  
c o s (6 *PI*U ) ]
W ’= A 1(s i n (2 *PI*U ) ) + A2 ( s i n (6* P I * U ))
A3.3.7 3-Harmonic Modified Sine Acceleration : 0 <= U <= 1.0
In the following,A1 = 5.1968 ; A2 = 1.7690 ; A3 = 0.6057
W = (A 1/(2 *PI ) ) [U — (1/( 2 #P I ))*sin(2*PI*U)] + (A 2 /( 4 *PI))[U . 
-(1/(4*PI))*sin(4*PI*U)] + (A 3/(6* P I ) ) [U-(1/(6*PI))* 
sin(6*PI#U)]
' W'= (A1/(2*PI))[1-cos(2»PI*U)] + (A2/(4*PI)) [1~cos(4*PI#U)
] + (A3/(6*PI) ) [1-cos(6*PI*U)]
W ,f= A 1(sin(2*PI*U) ) + A 2 (s i n (4* P I * U )) + A 3(s i n (6*P I * U ) )
W ’= J[1 - cos ( 4 * P I * U )]
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A3.3.8 3-Harmonic Zero-Jerk-At-Crossover : 0 <= U <= 1.0 
In the following,A1 = 9*PI/4 ; A2 = -3*PI/4
W = (A 1/(2 * P I ) )[U-(1/(2*PI))*sin(2*PI#U) ] + (A2/(6*PI))[ 
U-(1/(6*PI) )*sin(6*PI*U) ]
W ’ = (A 1 / (2 « P I ) ) [1 - c o s ( 2 « P I * U ) ] + (A2/ (6*PI) ) [ 1 - 
c o s (6 * P I*U) ]
W " =  A1 *sin(2*PI*U) + A2*sin ( 6 #PI*U )
A3.3.9 The 2 - 3  Polynomial : 0 <= U <= 1.0
W = 3U2 - 2 U 3
W ’= 6U - 6U2
W 1 '= 6 - 12U
A3.3.10 The 3 - 4 - 5  Polynomial : 0 <= U <= 1.0
W = 10U3- 15U^+ 6U5
W 1= 30 U 2- 60U 3+ 30U4
W» 1= 60 U - 180U2+ 120U 3 
A3.3.11 The 4 - 5 - 6 - 7 Polynomial : 0 <= U <= 1.0
W = 35U4 - 84U5+ 70U6- 20U7
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W*= 1 40 U 3 - 4 2 0 U 4+ 4 2 0 U 5 - 1 4 0 U 6
W ' f = 420U2 - 1680U3+ 2 1 0 0 U M - 840U5
A3.4 FUNCTION 'TANAFA1
The function TANAFA computes the tangent of pressure angle 
at incremental steps of cam rotation for the RISE and RETURN 
motion segments. Notation not explained here is explained in 
"Notation and Units".
PI = 4 .0*tari” 1 (1.0)
B = DPCRAD(M) 2 - D O F S E T (N )2 
A = 180.0/( P I * S E GANG(M1) •
RISE MOTION SEGMENT:
A*WPRIME - D O F S E T (N )
TANAFA = -------------------------
B 1'2 * W
RETURN MOTION SEGMENT:
- (A*WPRIME + D O FSET(N ))
TANAFA = -----------------------------
B1/2+ (1 - W)
w h e r e  U,W and W'vary a c c o r d i n g  to the trend s h o w n  in T a b l e
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1.2
The f u n c t i o n  R O V E R H  c o m p u t e s  actual d i m e n s i o n l e s s  p r i m e 
circle radii that ensure that the l i m i t i n g  v a lue of pressure 
a n g l e  is not e x c e e d e d  in either the r i s e  m o t i o n  o n l y  ,or in 
both the rise a nd r e t u r n  motions. Notation not explained here 
is explained in "Notation and Units",
PI = 4 .0*tan’ 1 (1.0)
PRERAD = PREDEG*PI/180.0
A = 18 0 .0/(PI*SEGANG(M1)
D = DOFSET(N)2
For pressure angle control in the RISE:
ROVERH = [ ( { (A*WPRIME - D O F S E T (N ))/1 a n (P R E R A D )}-W ) 2 + D ] 1/2
For pressure angle control in the RETURN:
ROVERH = [( { (A *WPRIME + D O F S E T (N ))/1 a n (P R E R A D )}- W )2 + D ] 1/2
A3.5 FUNCTION ’R O V E R H ’
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A3.6 FU N C T I O N  ’D I M R H O 1
The function DIMRHO computes the dimensionless pitch curve 
r a d i u s  of c u r v a t u r e  in i n c r e m e n t a l  steps of n o r m a l i s e d  cam 
r o t a t i o n  for both the RISE and R E T U R N  motions. N o t a t i o n  not 
explained here is explained in "Notation and Units",
PI = 4.0*tan_ 1 (1.0)
B = C D P C R D 2- CDOSET2 
A = 180.0/(PI*SEGANG(M1))
C = cos (ALFA(I,M1))2
D = -A*WDPRIM*cos(ALFA(I,M1)) + W P R I M E # s i n ( A L F A ( I ,M 1 ))
E = B 1/2+ W
Note: ALFA(I,M1) is the pressure angle at the Ith normalised
cam rotation in the M1th segment.
The following equation applies to the RISE motion:
E2
DIMRHO = -------------------------------
A*C*D + E*cos(ALFA(I,M1 ) )
The following equation applies to the RETURN motion:
[B1/2+ (1-W)]2
DIMRHO = ----------------------------------------------------
- A*C*D + [B1/2+ (1- W ) ]» c o s ( A LFA(I,M1))
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A3.7 S U B R O U T I N E  ’D I M P A R ’
The subroutine DIMPAR requests valu e s  of dimensionless prime 
c i r c l e  r a d i u s  and offset for use in the m o d u l e  i n v o k i n g  it. 
If p r e s s u r e  a n g l e  is to be c o n t r o l l e d  in a n y  m o t i o n  
s e g m e n t (s ), the s u b r o u t i n e  d e t e r m i n e s  w h e t h e r  th e  c a m  
geometric parameters input W i l l  ensure that such control can 
be effected. If not,the designer is accordingly informed and 
subsequently given a number of options as shcrwn below.
Fig.A3.2 ALGORITHM FOR SUBROUTINE ‘D I M P A R ’
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Fig.B.l CAM-FOLLOWER FORCE ANALYSIS ALGORITHM
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Fig.Cl. 1 Pitch curve radius of curvature evaluation algorithm
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Fig„C2,1 Hertz stress evaluation/undercutting prevention algorithm
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APPENDIX D 1
T h e  g r a p h i c  p r o g r a m s  c o n t a i n e d  in t h i s  a p p e n d i x  h a v e  b e e n
r e m o v e d  and bound s e p a r a t e l y .
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APPENDIX D2
LOGGING INTO THE PRIME
The login c o m m a n d  i d e n t i f i e s  the user of the P R I M E  s y s t e m  
(of c e n tral p r o c e s s o r s )  to PRIMOS. P R I M O S  is the o p e r a t i n g  
system. The format of the login command is:
LOGIN loginname
or LOGIN loginname -ON SYSx
the latter if the t e r m i n a 1 / M E D U S A  W o r k s t a t i o n  is not 
c o n n e c t e d  to the p r o c e s s o r  the user wishes to l o g i n  to. A l l  
the spaces in the command are mandatory.
’loginname' is the user's PRIME login name issued at
registration and consists of three letters (for 
the first three letters in the name of the 
user's department) followed without a space by 
three digits.
t>
'x' is a letter specifying which processor in the
PRIME system the login name is valid for.
C u r r e n t l y ,the MEDUSA Workstations at Surrey 
University are connected to machines I & M (for 
PRIME 9750 & 2350 respectively).
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The login command is entered into the processor by pressing 
the RETURN (or ENTER) key. The following system response then 
appears:
Password ?
The p a s s w o r d  is a s e q u e n c e  of c h a r a c t e r s  w h i c h  the s y s t e m  
uses to verify your authority to login using 'loginname'.
W h e n  t h e  u s e r ’s a u t h o r i t y  to u s e  ’ l o g i n n a m e ’ is 
v e r i f i e d , b r i e f , d a t e d  m e s s a g e s  ( c a l l e d  l o g i n  "banners") are 
then d i s p l a y e d  on the screen. These m e s s a g e s  r e f e r  to items 
of i m p o r t a n c e  r e g a r d i n g  the status of the P R I M E  c o m p u t i n g  
s e r vice. This is f o l l o w e d  by the P R I M O S  p r o m p t  ’OK,' w h i c h  
me ans the s y s t e m  is r e ady to accept c o m m a n d s .  D I C A D E S , f o r  
example,can be invoked at this point using the command:
R USME>U.DICADES>DICADES.CPL
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APPENDIX E 1
The a n a l y t i c a l  m o d u l e s  conta in ed  in this a p p e n d i x  h a v e  been
r e m o v e d  and bound separate ly.
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APPENDIX E2
The CPL programs that ensure interaction between the various 
modules (graphic and a n a l y t i c a 1),have been removed and bound 
separately.
u n i v e r s i t y  o f  m li b r a r y
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